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BOESE NITROGEN MOTOR <BOE§E.GIE> 



The Liquid Nitrogen Motor takes advantage of the expansion 
of liquid nitrogen to a gaseous phase* This entails a volume increase 
of 980 times. One gallon of Liquid Nitrogen equals 231 cu* inches 
which converts to 226,380 cubic inches as nitrogen gas. 

Liquid Nitrogen is stored in a DeWar flask Gike a coffee thermos). 
When the liquid nitrogen moves through a series of warmer conduits 
the ambient heat causes the liquid to expand by 980 times to a now 
high pressure, non-polluting gas that then provides a motor force. 
Nitrogen gas comprises 78% of the Earth's atmosphere, is inert and 
totally non-polluting. Liquid Nitrogen will last for up to 1 month in 
it's liquid state without extra insulation-total cost 2~5 cents per mile 
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File Name : BOESE. ASC j Online Date : 09/22/94 

Contributed by : Jerry Decker j Dir Category : ENERGY 

The following file refers to the late cryogenics genius, Harold L. Boese 
(pronounced FAY-ZEE). He was a recognized expert in the field of super 
cold and has been called the Father of Cryogenics. Mr. Boese died 
about 4 years ago (1988) after several strokes, according to his 
daughter. Due to the severity of the strokes, Mr. Boese was restricted 
to a wheelchair in his later years. You might also take the file 
B0ESE.GIF which shows a diagram of how the system works. 

Mr. Boese developed a most unigue engine based on liquid nitrogen (N2) 
which is inert, non-flammable and comprises about 78% of our atmosphere. 
A Pinto station wagon was converted to run on his engine and proven as a 
viable means of transport at extremely low cost and absolutely no 
pollution . 

The engine uses a "turbo-expander” which functions as a heat exchanger. 
It allows the liquid nitrogen a means of rapid expansion from heating 
due to ambient temperatures of >30 degrees F. The "turbo-expander" is 
basically a long hollow copper pipe that is either spiralled or folded 
in such a way as to give the greatest surface exposure. 

As the liquid nitrogen passes through this expansion tubing, the ambient 
heat will cause the liquid to change to a gas through a phase change. 
Liquid nitrogen expands by 980 times its volume when changing from a 
liquid to a gas. 

Expansion means pressure which translates to power. 

1 gallon = 231 cubic inches 

Expansion of one gallon of Liquid Nitrogen into Nitrogen Gas 
980 X 231 = 226,380 cubic inches 

Once the liquid has expanded by 980 times its volume, it is fed into an 
off- the-shelf AIR MOTOR. An air motor is kind of like a paddle wheel 
on an old style riverboat. As compressed air is blown against the 
paddles, a shaft is spun which drives whatever is attached, in this 
case, the transmission of a vehicle. Boese said that only a slight 
modification to the air motor was necessary to make the it run perfectly 
with the expanded and very cool nitrogen gas. 

Mr. Boese' s daughter told me in a phone conversation that her dad had 
designed and built a liquid nitrogen motor for use as a backup engine on 
the NASA Lunar Rover. An electric engine WAS INTENDED as the primary 
with the liquid nitrogen engine as backup. I was told the N2 engine was 
ACTUALLY USED in the pictures we see of the Lunar 'buggy' bouncing 
across the surface because it was smaller, less heavy because it did not 
have all those batteries (despite the l/6th earth gravity) and much more 
efficient . 

Boese 's daughter said that he was ecstatic with this success and that 
NASA expressed an interest in promoting this as an excellent engine for 
vehicles. That lasted until the mission was over and then they changed 
their tune and refused to support any claims that a liquid nitrogen 
motor was actually used. 
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For the remainder of Boese's life, he tried to promote and market the 
use of his invention as a non-polluting motive force, with no 
appreciable success. A company was formed. Cryogenics Unlimited 
Corporation, for that purpose and offers were being considered from 
Japan and Italy. As of this writing (originally 1992), no commitment 
had been arranged from anyone. 

The current status of the working vehicle is that one of the financial 
backers has the Pinto test car in his garage. It has not worked for 
several years. He has been tinkering with it to find out how to make it 
work but does not have the late Mr. Boese's understanding of the 
process . 

Liquid nitrogen was available for about 2 to 5 cents per mile back in 
the 70 's when the tests were being carried out. Boese claimed he had 
also discovered a means of generating his own liquid nitrogen AS THE CAR 
WAS RUNNING, so that it could partially or fully replenish its own fuel. 

The beauty of his engine is that it could be used for many other 
purposes than just running a car. It could drive a generator to produce 
power for your home among other uses . There is much to yet be 
discovered (or RE-discovered ) with regard to this principle and it needs 
to be shared with the greatest number of interested people in hopes they 
can or WILL do experiments that will be shared with the network. 

Good luckl ....Jerry 

For more information on "FUTURE CARS" write to: 

PEA RESEARCH 

5050 LAGUNA BLVD. #112-474 
ELK GROVE, CA 95758 
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Inventor has high hopes for his 
nitrogen-powered ear in Galveston 


Bv LAURA LAMBETH 
News Staff Writer 
He says nobody believes 
him. And when you look 
under the hood of the 
automobile you can un- 
derstand why. 

There’s almost nothing 
there. No engine, no 
radiator, no fan bells, no 
transmission or motor- 
just a battery and a 
st range-looking device 


called a turbo exjunocr 
that looks like .1 - 
conditioner coils. YoU won’t 
find a gas tank, cither. 

And the car s lubricant 
Isn’t Texas tea -*it*s p!.«in 
old salndoil. 

It’s the supercool car of 
the future that offers rr. »re 
than a solution (0 the 
energy shortage 

The car Is powered solely 
by nitrogen, the * ultimate” 


f design* u**ico by 
.lb roU! L Boese, president 
. V“ wienies* roimiited 
Cn-poratmr 

Iti.J'M'. j crvuv.rr.ics 
export .n the sc»er.c* of 
sup**: io ! d phenomena, 
wnrkfd -:tn a partner in 
the .-a : part nf '.he T.'n to 

build « riirngrn-cnoled 
;->rtm ally powered 
.orc;gn compact. 

Ru! t!*e car never drove 


out or Devoir fjoexf 
because ne Mas told u 
would take at least 10 years 
to bring it out on the 
market 

Jvn^e went back t/> his 
wors j> an electrician, hut 
kept his ideas and theories 
:n ms head 

Now ne’s back to wort on 
his designs after referring 
a request from government 
officials to help find a 


solution to the energy 
shortage, he said. 

The updated design 
doesn't r equire electrica l. . 
power, and’ about the only 
pan i rnwin i intom” 
cryd^nit: motor ^leichcd 
"nnaerneath the ms-end of 
the vehicle . The mol or 
costs about sib to rebuLld In 
‘hr*s than & InEnUre*. and 
it s guaranteed to last at 
least 10 years *i'*- 
spark plugs, wiring or other 
accessories. 

Liquid nlLc&gCfl . which Js^ 
kept in the car’s special' 
tanks at a cool 020 degrees 
below zero, enables the 
motor to be t b e r- 
moslatically operated at 

• min** 220 The super* 

coolecTgas, after It passes 
through the motor casing, 
flows through a ’ ’turbo 
expander, "to a master coll 
\rinr adinTTonal turboi. 
where it Increases Us 
volume 720 times Lnlo a 
volume tank. 

The finished gas is then 
pa»**d harmlessly into the 
almosphorir. which i* . - 

at 

jaUiXigto/ t^ making the 
car totally pollution free. 

And liquid nitrogen is 
non-combustible, so there's 
no <Unger_oJ fires or ex- 


plosions from the 
automobile's tanks, making 
the car safer than anything . 
being driven 00 today's 
highways. 

An added luxury Is air- 
conditioning without a 
compressor, and a 
refrigerator that can be 
installed lor a bar or 
whatever, easily cooled by 
the liquid nitrogen How mg 
±*<. tanks ar.r! 
tubing. Boese 

n itrogen Is available ,,r 
every major truck sto p j.;' 
~ the country^ and it would 
only take five and a hair 
hour-* to set a tar,); up ;»t 
ga*-. jft station. It com> 
abou: ^r>e cent a gallon 
man u c t u r t 1 1 q u i d 
nitrogen and probably 
would sell a‘ M cenL< a 
gallon before *e? 

The cor.., » #• j 
auiom,>b;}e ger.v . V«-,r ?< 
miles to Uu ~\ 

after Bocae ar •<. * :!s 
designs, he experut ., - % 
vehicle will drive un a: - ...» 

no*, lie hA> a 

tank hooked up !u ::;c he • 
of a lNnJo but n redes •• 
car simply v. ould 1 *, r : v 
tanks underneath the ri-i-.j 
end 


Beoese said be doesn't 
plan to coovert ■ cars to 
cryogenic power "because, 
oaoe coo verted, the car 
would have a lot of useless 
spaca under the bool 'Td 
htve to throw away a Jot of 
engines,” be aaltf. 

His hopes are to design 
uh&l he calls a "hybrid’* 
vr*Mclc. unconventional by 
trvtmV* standard*, that 
would sell for about H.’XX) 
un the market. 

M:s dream is to build a 
manufacturing plant Jn the 
Galveston area if he can gel 
. -ioi:gh financial backing 
through interested parties 
ur the government. tt kll 
/oes well with testing and 
designs, a cur could be out 
on the road* in three years, 
he sain 

“They'll have dn electric 
v.r available by It 
50 rr.’.les at A0 miles per 
n or. or /ice*vcr> v t^r 
n.«k* “Then :t sits for 12 
ncurs t* recharge 
“Sc woo wants 
*•••'*. 

- 

•**. v -t r. * *. . ..a' e %‘Teh 

vorkt* g "r. l:>e mechanical 
'•ii C;s 1-; the car. and Fred 
• Ewaic Poise's partner, 
••ns pro-.i'i*'*! :.nr* '*aartc)aJ 
r..,.- r..* j t » ih** 


project poasifale. 

The aidornobOe sits ta the 
yard* at A-i R«tal«, 
friends of the cotaperry who 
provide security. 

Boeae and EwaW plan to 
show the car at Expo *40 In 
St. Louis thWJdxy. 

Boese holds 7* patents in 
cryugentiT par* 

Lcipating In Se design of 
the car that wu driven oq 
the moon, as well as the 
(razing of the flrst human 
beings. 

He . virtually tmght 
himrelf the concepts of 
cryogenics when he read an 
art>cle on the subject 20 
years ago while working In 
the Frozen Fiigb! Products 
Divulon of Burris Mills lac. 
In Dallas. 

He s*nd he believes 
cryogenics, currently an 
unoeveloped field, miv be 
or. up and coming area of 
as an alternative 
» ;icrg.' source m the future, 
since afmospherK ksses 
xti -Mly acce\s!blr 

The c^ngenir r^r u one 
projecr ’ vm - e*,.!»v »o 
talk about, bu: he ha»nther 
, ideas he's keeping quiet 
right m;w. which he'll oe 
showing in the. near future, 
'.hat he promises will be 

* rtrwl interesdiig " 

Take a ride in his super* 

* crym»cnic cjr Mid 


, 1>u ^ n.ayt/e K'liev«* hi; 

ihe uocse^uv.o is sirply ids s^l little turbine deiifilm attached to the re-T 
en drives hai u 01 a Ford Pinto. A nur.ioer of Conpanys have been interested in 
developing it and putting it on the market but the inventor has held oxf on Ids 

purchased V-CCidentadly ■ cloun up cy indivSuas who fed 

purenased it. (>2 million) some 01 the r,uajor desif^hn secrets were withheld fmn 
the more than 70 patents covering the ciesi e hns‘* * mo - 6ld fron 



U.S. Patent 3,342,333, 10/74 


The Boeae an to la supply hla ajU littla turhln# dtJkt^hn atWfchAd Vo U>* rear 
end drlveeha/t of a lord Pinto* l number of Ccaspanje have been intorooted in 
de»elopln< it and putting It on the imarkcet but the larantor haa held oXf on hie 
deeiaioaa after hie lat ib>dal wan *acol Jen tally 1 blown op by indirtduale who had 
purchased it, (3fa edllian ) Some of the toijor deelfhn eecrete were withheld frcei 
the mre then 70 patent* eoTerin^ the denlghna*** I1«£> - 
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Ckntaod why 
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Boot, pm>d*ot ]J3Ui M u 
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ahreioo t* evalUbt* it 

every »to p U 
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only taka five and o hair 
hour* Ls ivl • lank up al • 
£***•(« ti *Uue It emu 
ahoul an« cent a gillon to 
bio ufacVurt i » q u I d 
atVrogao awd probably 
would Kii at 14 carua o 
faiioh before uti* 

T b e 


coai or ted 

•bout J( 
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He virtually taught 
hlxn^elf the couoevu of 
cryogaoicl *b« be r»*d on 
article oo the oubjuct 10 
yvan ago whU* working la 
the from RtgW Product* 
Divutao of Borrtl MLLU lac 
Id DtHa* 

He Hid h* bellavti 
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undeveloped field. may be 
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Mad) u on altcroitivt 
ehrff) tourer in Lha future 
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are **«ly acceviibk 
The cryogenic car u ona 
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idea* bet keeping quiat 
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moving in the near future, 
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neu inlarreting " 

Take • nde in hu euper- 
coo* cryogerue car and 
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H u<ir. a cryoitraici 
eapert ut the iricnce of 
super cold phenomena. 

» oi krd a, in a partner la 
tbr i ariv pan Ol Lhe 70 k to 
build a nil rc*ei» cooled 
elec it ic ally powered 

lurcigr, compact 

but Ihe car never drove 
hat 04 Uruovl h<K»C wad 
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would take at IcaM lb roan 
to bring il out oa th* 
market 
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mbit head 
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bla drtigna after receiving 
0 request Iroeo government 
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lank book rd up 10 ire ba'I 
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car itinpiy would tarry 
teaka undanuotn the rear 


Bwoaae a*id bo d jaen 
pian to o w v w t 


frvb YnrrrTCWqr Slit® 

gyrggrneiih Utojw ar wad o i 


IKT^mTch Tbe motor 
coats iboot 170 to rebuild to 
Irea tSan and 

II i guar an toad to last ot 
lean )• year* allK... 
apark ptuga winagor athwt 
accessories 

Liquid pnroe ra wbicb u 
1S?^a ^toCtoi 

tanks ot o coot £M legnto 
below taro, enable* tho 
motor lo bo l#*n 
mcoiaucaily op^zrataO of 
nlnul The wp*r 

oaoladgaa. aAar U y t u t 
Utrwugh the motor casing 
how* through o "fiidlP 
ajtasoder,’’ to • mg r ter cod 
witfc^diMTonsl lurCoT 
■ hare tl locreoaei lit 
volume TiO time* Into 0 
volume tank 

Tbe finished gi* u tW 
pwrl WarveUssiy istu the 
iimoapnere wsictois^^ 
juartsrw “seespr iawd M 
aipr.y ij ~ lhtw m iJung lhe 
car totally pollution free 

Aod liquid nitroges la 
oow<ambu»litUv aothere’a* 
•o 4wn^*L & Qree *r aa 


ww^d bate a tot of met am 
apace toiler too bood "I d 
bavw to throw rway o IM eg 
aactM.”b*o*to 

KU hope* a r\ U deaxa 
wnat ho chlia a "hybrid*' 
v crude. ■DCoovmuooaJ by 
lodoy’i cuutdarda. that 
would arQ toe oboul H.OO* 
oo the markoL 
Hi* dream is to build a 
meDOdacturUig plant In the 
C »tv *»t on area if he can got 
vrwugh ttoanctal bedUng 
through hitoroatad ponton 
or the guvrnunroL U oil 
goes well With looting and 
designs » car could ho oto 
«i the road* to three ream, 
be laid 

“Tbey U have on electric 
car oviUabie by Itoft H 
goes SO rrdes n 40 miles per 
hear, or vice-vecs* he 
said Thaw * aim for II 
hours to recharge 

So wpo was u that 4 " 

HO#"** ’MV"1 

• - 

“), » -o t* «*•* .’.a • « lew 

• oni-g l.%e mechirueai 
leei>ru ol the ca/ and K red 
C Fwaid Bowse t partner, 
h&i provtjed irw fiaancial 
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provide eocurtTy . 

Eoopp aod (SriM gdan to 
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U UutoOStotoag 

Doeee twldk Tf aatoaU to 
PM*- 

CtoipaUs« to So deal go al 
Iho car took m«o topwaa «w 
Ihe tooca, <* ■<* *o too 
(reusing of tbe Arft baato 
bvtaga. 



Coming soon — free 
electric power for 
all America’s homes 

AMERICA COULD be standing on the brink of the 
greatest economic boom in all history thanks to 
the invention of a Nevada engineer. 

The invention could solve the world's energy 
problems, create tens of thousands of new Jobs, 
save giant American industries threatened by 
foreign competition, and, incredibly, provide 
American homes with all the electricity they need 
— absolutely free! 

In an exclusive interview 
Charles Darling, president of 
Quantum Energy, Inc., re- 
vealed to the EXAMINER 
his company’s plans to have 
the invention, a home energy 
unit capable of providing free 
energy to homeowners, in 
production within the next 58 
weeks. 

"‘The prototypes have 
been thoroughly tested and 
approved by top engineers,” 

Darling said. ”We have just 
completed negotiations with 
Merlin Technology, Inc., a 
subsidiary of the giant 
Celanese Corporation, to 
produce a production pro- 
totype. 

‘"Within 58 weeks they’ll 
give us the model we need to 
go into full production in the 
plant we’re getting ready to 
build in Houston, Texas.” an 
excited Darling said. 

“The technology is really 
quite simple. The home ener- 
gy -unit gets its energy from 
low grade ground heat which 
is available two to three feet 
below ground level any- 
where in the world. 

“This ground heat drives 
the generator which is sealed 
inside a self-contained unit. 

The energy produced will 
provide all the power needed 
for the average home for 
heating, air conditioning, 
cooking, hot water, and 
lighting. 

“In short, the unit will 
eliminate the need for any 


• CHARLES DARUNG r*- 

treafs company’* plans 

other source of energy. 
Moreover since it’s con- 
tained within the home, there 
will be no problems of power 
failures of breakdown.” 

Darling told the EX- 
AMINER that the cost of the 
home units would be less 
than 56,000, will last from 
25 to 30 years and will carry a 
20 year guarantee. In the 
event of a malfunction, deal- 
ers will replace the unit at no 
Cost to the owner, within 24 
hours of the breakdown. 

The units will be pollu- 
tion-free, almost noiseless, 
and sealed inside a cabinet 
roughly 40 inches long, two 
feet wide, and 30 inches 
high. 

Robert Torczyncr. general 
manager of Merlin Technol- 
ogy Inc., confirmed that his 
compaity is now working un- 
der contract with Quantum 
Energy to produce the pro- 
totype. He told the EX- 
AMlNER:”lt'sNi very excit- 
ing project indeed.” 

- DAVID GUARD X) 
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Damomtratlon car carries cryogenic liquid tue» in vacuum-insulated tan* Released 
gas expanded in front-end evaporator powers simple air motor Such vehicles are 
planned for underground mines and other areas of h—r es *■ s >n ns* 


Britain’s National Coal Board is 
working on small vehicles powered 
by liquid nitrogen for transport 
in underground mines, where the 
non-flammable non-toxic fuel has 
an important safety advantage. 
This follows successful applica- 
tion for the inert gas to operate 
standard pneumatic tooN 
* The system u^e» normal am- 
bient air temperature to heat and 
vaporize the nitrogen, which boils 
at -196 deg C. The gas then ex- 
pands like steam and can drive 
an air motor. In this basic form 
no additional heat source h need 
ed. 

The experimental vehicle pic- 
tured has a vacuum-insulated stor- 
age vessel in which the cryogenic 
liquid is held at the boiling 
point. Pressurized vapor is re- 
leased from the tank and piped 
through the front-end heat-ex- 
changer where it is warmed and 
expanded- Gas at 1 (XI psi is then 
fed to a conventional 2.75-hp 
four-cylinder non-expansive air 
motor driving the wheels. The car 
has a maximum speed of 10 mph, 
and has been used to demonstrate 
the. Feasibility of this energy source 
for light self-propelled units. 

Low bulk gives liquid nitrogen 
a maior advantage over compass- 
ed air for automotive applications, 
since it produces six limes the 
volume Ol expanaad gas tor a cou- 
tainer of the tame size. It is eas- 
ily stored, and a preasurited veasel 
is unnecessary, which meant much 
lower weight. 


One volume of liquid expands to 
640 volumes ol gas at atmospheric 
pressure, while tor an equal ex- 
pansion from a compressed gas 
a storage pressure of about 94(H) 
psi would he needed. Compared 
with other non-fo-Ml portable ener- 
gy sources the liquid has a murh 
H; L rK,»r j., cap:u.;» m terms 

ol h p hr. Ih th. i even silver- 
zinc hat teries. 

The Coal Board is cooperating 
with Salford I nversity, near 
Manchester, who I; has done con- 
siderable theort; .cal and experi- 
mental work ‘mpruwi.^ : l ,» j < r 
lonnance ot liquid r itrogen engines 
tor road trails pm • A principle 
area of studv is the use of a ther- 
mal store to raise t he temperature 
and thus the expanded volume of 
the gas led to the engine* This 
could dramaticiiilx reduce con- 
sumption of the fluid for a given 
work output .;Mnw inj gr» at* r p- w 
er «.r iiu reased ru.ige. or a smaller 
on-board liquid suppL 

Possible thermal stores, heated 
overnight by off-peak electricity, 
could be solid relrac nry materials 
like graphite or ah nine rc*ls or 
bricks through wh. h the gas is 
passed. Others are eutectic salts 
using the latent h> at of fusion, 
and units reiving on chemical 
reaction such as th» catalytic oxi- 
dat ion of a fuel. 

Salford’s studies are concerned 
with turbines rather than reci- 
procating engines, and theae envi- 
sage applying the warm exhaust 
gas to the primary evaporator fol- 


lowing the liquid container to 
raise the heating temperature 
above ambient. A more sophis- 
ticated system would have two- 
stage expansion with high- and 
low-pressure turbines, the inlets 
to both passing through a common 
heat sink. 

Further possibilities for vehicles 
include a regenerative braking 
system where the heat developed 
by friction would be recovered 
and held in the store. Liquid 
nitrogen for propulsion is also 
seen as particularly suitable for 
refrigerated trucks, when the car- 
go compartment could be readily 
cooled by a special evaporator 
in the heat-exchanger circuit. It 
would then contribute to the pow- 
er source instead of drawing on it. 

Nitrogen gas is produced com- 
mercially in liquid form by dis- 
tillation from the atmosphere. The 
liquid is now readilv available in 
bulk relatively cheaply. It is used 
widely in the chemical industry, 
steel making, and freezing equip- 
ment. 



FXHAUS1 gas 
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Tharmal itoff in gtt axpanaton circuit 
could incraasa afflciancy of liquid nltro- 
angina. Lowar drawing ahowt two 
ataga turtHna, with axhaust providing 
additional primary haat atap-up. Con- 
cept* art patantad by Salford Unbrar- 
•fty. 
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S diesel fuel 


i AIR-POWERED 
1 AUTO 

Tinkerers are forev- 
er trying to invent 
something to replace 
the gasoline engine. 

The latest are two 
California automo- 
tive engineers who 1 stori 

have designed a car that could come in 
handy when the world's petroleum finally 
runs low. Its fuel is nitrogen, which consti 
tutes 80 per cent of the air we breathe. 

The engine works much as the Stanley 
Steamer’s did 87 years ago. Instead of va 
porized water, however, expanding nitro- 
gen gas drives the pistons (see diagram) 

In place of the Stanley kettle’s copper, this 
high-tech variation is made of stainless 
steel to withstand far higher pressures 
and temperatures. Liquid nitrogen flows 
from a thermos-like storage tank through j 
a heat exchanger, where hot exhaust gas 
from the engine warms it. Then it flows 
into a firebox, which burns a small 
amount of diesel fuel. The heated nitrogen 
expands as it changes to gas, creating 
pressures between 3,000 and 3,500 pounds 
per square inch and temperatures above 
1,800 degrees. The nitrogen passes back 
and forth from .three coils to three cylin- 
ders, which turn a shaft that transmits 
power to the wheels. 

The designers, James Dooley and R. 
Philip Hammond of Ft & D Associates in 
Marina del Rey, financed their original re- 
search with Department of Energy mon- 
ey. With plans in hand, the team is seeking 
backers for a $5 million prototype. 

The new hotrod would create little pol- 
lution, make hardly a sound, and cost 
about as much as a conventional automo- 
bile. It should get about four miles to the 
gallon of liquid nitrogen-costing an esti- 
mated ten cents a gallon—and could travel 
300 miles between fillings of its 85-gallon 
tank. But an entire new infrastructure of 
service stations would have to be built to 
supply the nitrogen fuel— cooled to a chilly 
minus 390 degrees— before the air-pow- 
ered car could hit the road. 
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Nitrogen flows from a vacuum-insulated storage tank (1) through the heat exchanger (2) to 
be warmed by still-hot exhaust gas (3). Next, the gaseous nitrogen, traveling through the first 
of three sets of coils (4), is heated further by the burning of diesel fuel (5), forced by an air 
blower (6) into the firebox (7), and sparked by an igniter (8). Exhaust air (9) from the firebox 
exits from the bottom. The hot, expanding nitrogen moves through exit pipes (10) between 
coils and expansion chambers (1 1 ). It then flows through the exhaust pipe (12) and back to 
the heat exchanger. Pistons transmit power to the drive shaft (13). 


HOLD DOG, NEW TRICK 

For the owner of a dog that just won 't stop 
yapping, its bark is worse than its bite. 
Neighbors complain, fines for disturbing 
the peace are levied. Now there’s a solu- 
tion to the problem: a $200 electronic col- 
lar, available from Arizona-based Tri- 
Tronics, that produces an audible buzz 
and a mild, harm- w • ■ ^ ^ 
less electric shock 

Imii 


whenever it de- 
tects a bark. 

According to 
its creator, Dan- 
iel Tortora, a psy- 
chologist and ani- 
mal trainer, the 


An electronic collar si- 


collar is based on lences chronic barkers. 


classical Pavlovian conditioning. To make 
behavioral training effective, says Tor- 
tora, "you have to discipline the dog every 
single time unwanted barking occurs. ” In- 
consistent punishments merely confuse an 
animal, and badly trained dogs often re- 
sort to "sneak barking” when left alone. 

In studies over the past three years, 
Tortora has amassed more than 8,50p dog- 
days of training with the collar, His re- 
sults are nothing to snifl* at: a habitual 
barker learns to be silent after wearing it 
an average of just 30 minutes. Tortora has 
also found that it takes only about three 
days of reinforcement training to make 
the new trick stick. To ensure that a dog 
doesn’t start barking again, it can contin- 
ue to wear either the real collar or a look- 
alike dummy. Tom Dworetzky 


I DISCOVER / JANUARY 1985 


57 









8 



Icy Rider uses a 27-liter oxygen cylin- 
der as a pressure tank. With a stronger 


tank, the inventor 
range will increase 



hopes its driving 


to several miles. 


As freezing water expands, its force * 
can fracture huge rocks and burst f 
steel pipes. To tap this ice power Bo I 
Nordell, a researcher at the Lulea \ 
University of Technology in northern | 
Sweden, built a small cartlike vehicle I 
he calls Icy Rider. i 

Nordell uses a water-filled pressure | 
tank to transfer energy to an accu- | 
mulator, a small cylinder filled with | 
nitrogen gas. As the water freezes, the f 
accumulator stores the pressurized f 
fluid that powers a hydraulic motor } 
(see drawing). “Leave the cart out- 
side overnight in our Swedish winter, 
and in the morning I can drive it at 
fifty miles per hour for a few hundred 
yards,” he told me. 

The on-board pressure tank could 
be left at a base station, charging the 
storage accumulator between runs. 
This would halve the present vehicle 
weight to 130 pounds. Nordelhs ice 
power not only taps a new form of re- 
newable energy, hut is silent and non- 
polluting . — David Scott 

Pressure tank is filled with nine-tenths I 
water and one- tenth oil (top). Freezing $ 
water expands (right), feeding oil into t 
the accumulator, compressing the ni- 3 
trogen gas. Valve releases pressurized < 
fluid to drive the hydraulic motor. I 
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08/12/97 
For release: 

CooLN2Car: A car that runs on air 

DENTON (UNT), Texas ~ Air. Its life-sustaining property and fresh, abundant supply were taken for granted until the 
birth of the industrial age and its resulting offspring: the modern, smog-producing automobile. Today children learn 
early about car exhaust, air pollution and ozone alerts. Tomorrow they’ll learn about how a prototype car, which ran on 
air instead of fossil fuel, reshaped their future. 

On July 30, an interdisciplinary team of scientists from the University of North Texas presented CooLN2Car, a 
nitrogen-powered, zero-emission vehicle, at the Cryogenic Materials Conference in Portland, Ore. On Monday, Aug. 

1 8. at 2 p.m. (CDT), researchers will present a 30-minute public information briefing followed by a vehicle 
demonstration at UNT. 

The radically new energy concept involves the use of a cryogenic heat engine to power a vehicle using either liquefied 
air or liquid nitrogen. CooLN2Car gets its power from the pressure released when "cooled" liquid nitrogen is heated by 
outside air and becomes a gas. 

Liquefied air is produced by taking air from the atmosphere, cooling and compressing it. Liquid nitrogen is similarly 
produced using nitrogen gas. Because air consists of 78 percent nitrogen gas, liquefied air and liquid nitrogen have 
similar properties. 

In order to run a cryogenic heat engine using liquefied air, the liquefied air is heated and expanded in much the same 
way as water when used to run a steam engine. However, an important difference is that pollution-emitting combustion 
is unnecessary for the heating process. Instead, heat already existing in the atmosphere is used. As a result, the exhaust 
consists solely of pure, clean, breathable air. 

The concept of applying existing liquid-nitrogen technology to power an automobile was published by UNT's Dr. 
Carlos Ordonez in a 1996 American Journal of Physics article, "Cryogenic Heat Engine." 

UN 1 's research was funded by a grant trom the Texas Advanced Technology Program. Co-investigators of the project 
are: Dr. Ordonez of the physics department, Dr. Mitty Plummer of the department of engineering technology and Dr. 
Rick Reidy of the department of materials science. For more information, see the web site at 
http://www.mtsc.unt.edu/CooLN2Car.html. 


UNT News Service Phone Number: 940/565-2108 

Contact: Chris Smith 940/565-4644 

Email Address: csmith®abn.unt.edu 


Top of Page New Search 

Back to News Service page Contact UNT News Service 

copyright © University of North Texas News Service 
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Cryogenic Heat Engine 


% 

as a Zero Emission Vehicle L 1 


Picture this: The more cars are driven, the cleaner the air becomes. Sound crazy? It's possible by using a 
C-H ("cryogenic heat") engine to power cars. A C-H engine is a radically new energy concept being 
investigated by Drs. Carlos A. Ordonez, Mitty C. Plummer, and Richard F. Reidy at the University of 
North Texas with support from the Texas Advanced Technology Program. The most intriguing aspect of 
the concept is that the fuel used by a C-H engine to power a vehicle can be either liquefied air or liquid 
nitrogen. Liquefied air is produced by taking air from the atmosphere and cooling and compressing it. 
Liquid nitrogen is similarly produced using nitrogen gas. Because air consists of 78% nitrogen gas, 
liquefied air and liquid nitrogen have similar properties. In order to run a C-H engine using liquefied air, 
liquefied air is heated and expanded in much the same way that water is heated and expanded when used 
to run a steam engine. However, an important difference is that pollution-emitting combustion is not 
necessary for the heating process. Instead, heat already existing in the atmosphere is used. As a result, the 
exhaust consists solely of pure, clean, breathable air. In order to prove that the concept is possible, an 
automobile has been converted for operation using a C-H engine. In the next phase of the planned 
research effort, a C-H engine electric power system will be developed and used to power an electric 
vehicle. The electric vehicle will be designed to travel 130 miles on a single tank of fuel. Assuming that 
solar energy is used to produce the fuel, the cost of fuel for operating the electric vehicle can potentially 
reach less than 10 cents per mile. As an environmental benefit, liquefied air and liquid nitrogen 
production systems remove undesirable airborne pollutants from the air. As a result, the more that cars 
powered by C-H engines are driven, the cleaner the air becomes. 

More information can be found in our papers: 
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Website maintained by R.F. Reidy and last updated December 17, 2001. 
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"Cryogenic Heat Engines for Powering Zero Emission Vehicles," C. A. Ordonez, M. C. Plummer, and R. F. Reidy, 
Proceedings of the 2001 ASME International Mechanical Engineering Congress and Exposition, Paper No. 


IMECE2001/PID-25620. 


"Liquid Nitrogen Fueled, Closed Brayton Cycle Cryogenic Heat Engine," C. A. Ordonez, Energy Conversion and 
Management 41 (2000) 331-341. 

"A Review of Liquid Nitrogen Propelled Vehicle Programs in the United States of America," M. C. Plummer, C. A. 
Ordonez, and R. F. Reidy, Proceedings of the International Scientific Conference on Automobile Transport and Road 
Enterprises on the Threshold of the Third Millennium, Paper No. 629.1 (2000) 47-52. 

"Liquid Nitrogen as a Non-Polluting Vehicle Fuel," M. C. Plummer, C. A. Ordonez, and R. F. Reidy, Proceedings of 
the 34th Intersociety Energy Conversion Engineering Conference, SAE Paper No. 1999-01-2517 (1999). 

"Cryogenic Heat Engine Experiment," M. C. Plummer, C. P. Koehler, D. R. Flanders, R. F. Reidy, and C. A. Ordonez, 
Advances in Cryogenic Engineering 43 (1998) 1245-1252. 

"Toward Complete Renewability in Transportation Fuels," M. C. Plummer, C. A. Ordonez, and R. F. Reidy, 
Sustainable Communities Review 2 (1998) 13-16. 

"Cold Thermal Storage and Cryogenic Heat Engines for Energy Storage Applications," C. A. Ordonez and M. C. 
Plummer, Energy Sources 19 (1997) 389-396. 

"Cryogenic Heat Engine," C. A. Ordonez, American Journal of Physics 64 (1996) 479-481. 


This material is presented to ensure timely dissemination of scholarly and technical work. Each article may be 
downloaded for personal use only. Any other use requires prior permission by the author(s) and/or by other copyright 
holder(s). Copyright and all rights therein are retained by the author(s) and/or by other copyright holder(s). All persons 
copying this information are expected to adhere to the terms and constraints invoked by each copyright holder. In most 
cases, these works may not be reposted without the explicit permission of each copyright holder. American Institute of 
Physics articles and article abstracts may be found at http://ojps.aip.org/. 
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Frequently Asked Questions about cryogenic heat 
engines and our nitrogen-powered car 

What is a cryogenic heat engine? 

This engine uses very cold substances to produce useful energy. 

How does this nitrogen-powered car work ? 

Heat from the atmosphere vaporizes liquid nitrogen under pressure and produces compressed nitrogen 
gas. This compressed gas runs a pneumatic (compressed-gas-driven) motor with nitrogen gas as the 
exhaust. 

What are the components of this engine? 

There are three principal components: 

• a pressurized tank to store the liquid nitrogen 

• a heat exchanger that heats (using atmospheric heat) liquid nitrogen to form nitrogen gas, then heats 
the nitrogen gas under pressure to near atmospheric temperature 

• a pneumatic motor (along with a Volkswagen transmission) that runs the car 

This vehicle was assembled using "off-the-shelf' components. 

What's it like to drive the CooLN2Car? How far can it go and how fast? 

The CooLN2Car can travel 15 miles on a full (48 gallon) tank of liquid nitrogen going 20 mph. Its 
maximum speed is over 35 mph. In general, the driving characteristics of the CooLN2Car are very similar 
to those of a regular car. Other than the limited speed, the most noticeable difference is that the motor 
does not idle while the vehicle is stopped. 

How would electrical elements be powered in a nitrogen-powered car? 

Alternators, generators, photovoltaics and thermoelectric materials all could effectively produce sufficient 
electricity to run auxiliary devices. 

Does this vehicle pollute? 

No, the exhaust gas is nitrogen, the major constituent of our air. In fact, liquefied air could also be used to 
power this vehicle. 

How would enough liquid nitrogen or liquefied air be produced to power a fleet of cryogenic heat engine 

cars? 

Off-peak power from nuclear power plants could produce enough energy to condense nitrogen or air. 
Because liquid nitrogen production requires additional distillation steps, liquefied air would be less 
expensive to produce. We are examining ways to use solar powered gas liquefaction technologies. 

Is there a market for these vehicles? 

By 2003, 10% of new automobiles sold in California must be zero emission vehicles. Our calculations 



http://www.mtsc.unt.edu/n2car/faqn2car.htm 
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indicate that a cryogenic heat engine car could meet or exceed the range and performance of a battery 
powered car; therefore, nitrogen powered vehicles could compete for a share of the zero emission market 
in 2003. 
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GAS FLOW DIAGRAM 
FOR OUR NITROGEN-POWERED CAR 
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Website maintained by R.F. Reidy and last updated August 6, 1997. 
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A Car Powered by Liquid Nitrogen! 



University of North Texas CooLN2Car 


Designed, built, and tested by Dr. Carlos Ordonez (Physics), Dr. Mitty Plummer (Engineering 
Technology), and Dr. Rick Reidy (Department of Materials Science) of the University of North Texas . 
this developmental zero emission vehicle employs a cryogenic heat engine and is fueled by liquid 
nitrogen. This research was funded by the Texas Advanced Technology Program. Details of this work 
were presented in July 1997 at the Cryogenic Materials Conference in Portland, Oregon. Questions about 
this program can be addressed to: 


Dr. Carlos Ordonez 
Department of Physics 
PO Box 31 1427 


Dr. Mitty Plummer Dr. Rick Reidy 

Dept, of Engineering Technology Dept, of Materials Science 

PO Box 3053 10 


University of North Texas PO Box 13198 

University of North Texas 
Denton, Texas 76203-1427 Denton, Texas 76203 

940-565-2846 


University of North Texas 
Denton, Texas 76203-53 1 0 

940-369-7115 


940-565-4860 


email: plummer@unt.edu email: reidy@unt.edu 


■llil 
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A University of Washington group has a similar liquid nitrogen car program. 


http:7wvvw.mtsc.unt.edu/CooTN2Car.html 


5/5/2004 



16 


You may wish to visit their website at http://www.aa.washington.edu/AERP/CRYOCAR/. 

ADDITIONAL INFORMATION: 


Our August 8th press release Our Papers 


Website maintained by R.F. Reidy and last updated December 20, 2001. 
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Gas-free 
car isn’t 
idea full 
of hot air 

■Researcher says an enoine 
powered by liquid nitrogen would 
reduce pollution and offer free 
air-conditioning 

By JAMES LONG 

of The Oregonian staff 

How about a car that costs a dol- 
lar to drive 50 miles and cleans the 
air as it goes? 

Talk to Abe Hertzberg about this. 

The U.S. Department of Energy is 
granting Hertzberg, a professor of 
astronautics at the University of 
Washington, $360,845 to prove liquid 
nitrogen can power cars while im- 
proving the environment. ' 

‘‘And you get free air-conditioning 
in the summer,” added Hertzberg, 
who will spend about a year build- 
ing a prototype vehicle with two 
other members of the aerospace fac- 
ulty, Thomas Mattick and Carl 
Knowlen. As Hertzberg explains it, a 
nitrogen engine will work some- 
thing like a steam engine — instead 


\ of heating water to make steam, the 
nitrogen engine will “heat” super- 
cold liquid nitrogen into a gas to 
push a piston. 

"Or maybe we’ll use the gas to 
spin a turbine,” he said. 

Liquid nitrogen is so cold — 
minus 320 degrees Fahrenheit — 
that an ice cube will make it boil. 
The boiler in the Hertzberg engine 
will resemble a car radiator, flash- 
ing nitrogen into gas by exposing it 
to air temperatures. And, since ni- 
trogen is the biggest component of 
air, Hertzberg says, the used gas-will 
simply be exhausted into the atmos- 
phere with no need for emissions 
treatment. 

The UW team expects to build an 
experimental car that will get three 
to five miles per gallon. Hertzberg 
admits the mileage is lousy, but says 
liquid nitrogen costs only about a 
dime a gallon. 

He envisions obtaining wholesale 
quantities of liquid nitrogen by min- 
ing it from exhaust gases at huge in- 
dustrial pollution emitters such as 
natural gas-fired electrical power 
plants. This, he says, will clean the 
atmosphere while providing fuel for 
nitrogen cars. 

“In the long run,” he said, “one of 
the great benefits would be taking 
out all the crap in the air like car- 
bon dioxide and oxides of nitrogen” 
from the gas turbines. After remov- 
ing nitrogen from the exhaust, he 
says, leftovers such as carbon diox- 
ide can be pumped back into spent 
natural gas wells, a common tech- 
nique used in the gas industry for 
displacing and recovering remnants 
of marketable gas. 


Hertzberg says a nitrogen- 
powered car is at least as practical 
as an electrical one and says it won’t 
require massive production of ma- 
terials such as lead for batteries that 

- can be an environmental problem. 

As for performance, Hertzberg ad- 
' mits, his prototype is more likely to 

- resemble a riding lawn mower than 
a formula dragster. 

A fitll-scale nitrogen car, he says, 
■ probably will have a 60-gallon fuel 
i tank instead of the 20-gallon tank 
/found in most full-size cars. “That 

- should take you about 200 miles, and 
; that’s enough,” he said. 

Although Hertzberg is enthusias- 
tic about his car; he admits it will 
have some quirks. One is the en- 
gine’s lack of heat for a heater. 

“It might get a little nippy in there 
: in the winter,” he said. 
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SCIENCE HEADLINES 



Liquid 

Nitrogen 

Fuel 

Abe Hertzberg, 
professor emeritus of 
aeronautics and 
astronautics at the 
University of 
Washington, and one 
of his students pose 
with the LN2000, the 
nitrogen-powered 
vehicle they have 
developed (Universtiy 
of Washington) 
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Special to ABCNEWS.com 
LE.EL DY& I low about a car that runs on air. 

mmS doesn't poison the atmosphere and 
i-fSB actually helps clean up air 

Wr Nil Sounds too good to be true, but that's 
what researchers at the University of 
Washington are trying to develop. Expanding on a 
concept that has been tried before and abandoned, the 
researchers have even built a crude prototype of a car 
that looks like an old mail truck, which is exactly 
what it is. 

It is all the brainchild of Abe Hertzberg, professor 
emeritus of aeronautics and astronautics at the 
university, who heads up "project smogmobile," 
named after the car in the L'il Abner cartoon that runs 
on air pollution. 


Related Stories 


The vehicle 
runs on 

nitrogen, which 
makes up 78 
percent of our 
atmosphere. 



& ‘ ' ' The contraption built by Hertzberg and researchers 


http:// abcnews. go. com/secti ons/ science/DyeHard/ dye 1 5 . html 
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and students at the university doesn't quite do that, 
but it comes pretty close. It runs on nitrogen, which 
makes up 78 percent of our atmosphere. Hertzberg 
believes it could be a viable substitute to gasoline- 
powered vehicles of today and the electric-powered 
cars now being mandated by some states, especially 
California. 

Funded by a $360,000 grant from the U.S. 
Department of Energy, the researchers took an 
ancient "air motor" and converted it to run on 
nitrogen. 

They mounted it in an old mail truck and "it ran 
the first time we took it out of the shop," Hertzberg 
says. "About 25 people have already ridden around 
the block a few times." 


The underlying concept behind the research was to 
keep it simple, he adds. Here is how it works: 

Nitrogen gas is extracted from the atmosphere and 
supercooled to -320 degrees Fahrenheit, which 
converts it to a liquid The liquid nitrogen is then 
pumped through a heat exchanger, like the radiator in 
a conventional car, which uses heat already present in 
the atmosphere to warm it up enough for the liquid to 
vaporize. 

As it converts from liquid to gas, the nitrogen 
expands to 700 times the volume of its liquid form. 
The expanding gas pushes on a piston in the "air 
motor," forcing it to move. 

That is similar to the process that drives an 
internal combustion engine — gas vapors are ignited 
and expand rapidly, pushing a piston down and 
turning a crankshaft that propels the vehicle To test 
their concept, the researchers needed to find an "air 
motor" that used compressed air to drive the pistons. 
The best they could come up with was a relic from 
the past — a 1 94 1 anchor winch that weighed 600 
pounds and was in such poor condition that it had to 
be rebuilt. 

It eventually worked, but only produced about 1 5 
horsepower. That was enough to verify the concept, 
and Hertzberg's team hopes to improve on the 
performance in subsequent versions of their 
"smogmobile." 

Similar efforts in the past have failed, Hertzberg 
says, because frost built up in the heat exchanger, 
stalling the process. His team claims to be the first to 
develop a heat exchanger that doesn't freeze up. 


http : //abcnews. go . com/ sections/ science/DyeHard/dye 1 5 . html 
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Hertzberg hopes his project will help curb enthusiasm 
for electric cars, which he says are inefficient, 
inconvenient, and not nearly as environmentally- 
friendly as they are alleged to be. Batteries have to be 
recharged, for example, increasing the demands on 
power plants, and they use toxic metals that have to 
be carefully disposed of. 

"If you spill liquid nitrogen, it just sits there in a 
pool and slowly evaporates" back into the 
atmosphere from where it came, he says. 

What particularly excites him is the potential to 
help clean up the atmosphere. Nitrogen can be 
extracted from the air and liquified in giant 
refrigeration plants, he says. In the same process, 
pollutants such as carbon dioxide could be removed 
from the air. And he claims it could all be done 
cheaper than it costs to produce a comparable 
amount of gasoline 

If he has his way about it. one of these days you 
will be able to pull in to your neighborhood gas 
station and fill up with about 100 gallons liquid 
nitrogen, enough to drive about 250 miles. But he 
says he isn't going to hold his breath. 

The automotive industry, he says, "looks at a new 
idea the same way you and I would look at a 
rattlesnake." 

It would require very fundamental changes in the 
automotive infrastructure, including massive 
distribution systems for liquid nitrogen. Even 
Hertzberg admits he doesn't see that happening. 

So what does he expect to get out of it 9 

"I expect to get my head beat in." he says. 

But he hopes that, in the end, a few more people 
will agree with him that gasoline and electricity are 
poor ways to run an automobile. Something more 
benign that uses an inexhaustible fuel — like 
nitrogen — must be found. 

Science writer Lee Dye is a regular contributor to 
ABCNEWS.com 
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INTERVIEW WITH PAUL TRENTHAM, CONSULTING ENGINEER 
By Scott Robertson, Pneumatic Options Research Library 

www. Ai rCarAccess.com 

RE: Paul Trentham, PE 

7342 Old Scenic Dr. 

Joplin, MO 64801 
417-623-5459 

tiqertrentham@4state.com 

4/14/04 

I called Paul Trentham, a consulting engineer in Joplin, Missouri because I had 
his name in connection with the Terry Miller/Toby Butterfield air car project from 
the previous decade. I wanted to find out if he knew the fate of the project, and 
especially what happened to the three air cars I knew of that Terry had built. The 
interview was not recorded, but I have summarized it below based on notes from 
our conversation. 

Paul Trentham is a consulting engineer, among whose accomplishments is that 
he worked on the Apollo engines for the moon shot in the 1960s. 

Paul got involved with the Joplin air car project about the time Terry got out of it. 
(Editor’s note: Terry was the inventor, and Toby his business partner; Terry gave 
his share to his daughter, Teresa Robbins. Terry and Toby are now deceased.) 
Toby called Paul and explained that he and Terry had come to an impasse, that 
the partnership was not working out, and that Terry had lost interest in pursuing 
it. Paul was asked to make an analysis of the invention to determine if there was 
any practical use in continuing it. Paul only met Terry once, and was not well 
acquainted with Ms. Robbins, Terry’s daughter. His dealings were with Toby. 

Regarding the air cars that Terry built, Paul recalls only the blue Chevy Sprint 
(editor’s note: there was also the famed “Air Car One,” a three-wheeled 
workbench on wheels that Terry showed from coast to coast (1980s), and a red 
compact car, probably either a Chevy Sprint or a Ford Festiva (1990s, called 
“Miss Rexroth,” the blue car was the “Spirit of Joplin”)). Paul met Teresa 
Robbins, Terry’s daughter, at a meeting where the project collapsed and 
everyone went their separate ways. Ms. Robbins has moved away from the 
Joplin area. The project had no tangible assets at the time of its dissolution, and 
the blue car was mashed for scrap. Paul never saw Air Car One. He still has a 
number of high pressure air tanks, originally made for CNG usage, and would 
like to sell them. Most have never been used. 

Paul wrote his report in about 1992 or 1993. The good news was that he found a 
definite use for compressed air as a motive power for vehicles. The bad news 
was that he felt Terry’s way of going about it was all wrong. In Paul’s opinion, 
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which was based on computer models and other research, multiple expansion is 
impractical because it can only be optimized at one set of conditions: one speed, 
one cutoff. He is convinced that the 2 nd , 3 rd , and 4 th expansion stages on Terry’s 
engine were actually dragging on the 1 st stage, instead of augmenting its power. 
Paul tested the car with a simple Prony Brake placed on a front driving wheel, the 
other driving wheel on the ground. The power of the engine was measured and 
found to be pulsating and unsteady, falling to zero and rising to about 1.5 hp. 
This seemed reasonable with the knowledge that all of Terry’s cars needed 
pushing to get them started, even on a flat surface. He felt that compound 
engines could work well for a steady speed stationary engine, but less so for 
locomotion, and certainly not more than two stages total. He cited Norfolk and 
Western Railroad efforts with two stage compound steam locomotives based on 
the Mallet design. originating in France. The compound idea was well known in 
The Steam Age, but never more than two stages in locomotives, and for good 
reason. 

He felt it would be much more practical, in a vehicle engine, to use a single-stage 
engine with variable cut off. Some air is used inefficiently at long cut offs 
required for acceleration from zero, but the time is so short the loss is not worth 
the extra complexity of multiple compounding. The most economical use of air 
seems to be at a very short cut off of only 5%. To realize high efficiency at such 
a short cutoff requires near zero clearance space in the engine cylinders, and 
very good seals. Rotary valves help to reduce unwanted clearance space, and 
have no reciprocating mass problems causing vibration and wasted power loss. 

Toby asked Paul to design a better engine, which he did. He determined that the 
most efficient cutoff point would be 5%, but in order to start and accelerate the 
car, something like 50-60% would be needed. At this cutoff range, the engine 
would develop enormous torque, as in steam engines, and no transmission 
would be needed. (Note that Terry’s vehicles also had no transmission, but 
never achieved much torque or power due to the ineffective and complicated 
multiple compounding scheme.) 

Paul designed and built a variable cutoff engine over the next three years, 
converting a Honda 500cc V-twin motorcycle engine to run on air. He moved the 
equipment from the Joplin air station to his home and built a garage and shop to 
house the project. He invented a rotary valve to eliminate complicated 
reciprocating valve parts, which allowed faster engine speeds than the old- 
fashioned expansion engines were capable of, and a simple cut off control valve. 
One rotary valve took care of intake and exhaust, (flow to and from the cylinder) 
while another small variable cut off valve ahead of the intake/exhaust valve 
adjusted the cutoff (the amount of stoke during which the inlet valve was open.) 
Although he was not happy with the seals on the valves, it did work. It developed 
about 9.5 horsepower at 5% cutoff, and was operated up to 800 psi. Higher 
pressures were not used due to the leaky valve seals. 
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He accidentally discovered that the engine would function well at up to 14,700 
rpm, by opening the engine full throttle from rest, with no load. The engine 
jumped almost immediately to that speed, and ran at that speed with almost no 
vibration. The compressed air was entering the engine at the pressure tank’s 
ambient temperature of 83° F., but he had trouble measuring the exhaust 
temperature at 5% cutoff because the expanded air bottomed out his 
temperature gauge, which couldn’t go below -75°. He has a VHS tape 
somewhere, showing that if you blew across the engine’s exhaust stream, the 
moisture in your breath would freeze and fall to the ground as snow. The engine 
ran smoothly down to about 30 rpm. 

The University of Washington, Seattle, got interested in the engine. The 
Aerospace Engineering Department had been working on a liquid nitrogen car, 
which used a marine auxiliary steam engine they had found and adapted for their 
purposes by installing it to run a small mail truck. They invented and patented a 
triple-pass heat exchanger that warmed liquid nitrogen up to nearly ambient 
temperature, using the free energy of the atmosphere to do the warming. Paul 
spoke very highly of their heat exchanger, saying that it did not freeze up and 
functioned very well. After trying the former steam engine, they had some grant 
money left, so Paul sold the engine he had developed to the U of W and they put 
it in their cryogenic car. The young professor working on the project was Dr. Carl 
Knowlen, whose address is U of W College of Engineering, Aerospace Building 
Room 136, Seattle, WA. The head of the department is Dr. Adam Bruckner, and 
his predecessor, Dr. Abe Hertzberg was the founder of the nitrogen car project. 
Dr. Knowlen wrote SAE papers on the car, but the project ran out of grants. 

Paul questioned the use of liquid nitrogen by the U ofW project, rather than liquid 
air. The U of W was concerned about using liquid air because they thought the 
oxygen would separate and cause a fire hazard in an accident. Paul says that 
since the molecular weights of oxygen and nitrogen are very close, the cost of a 
stirring device to keep them from separating in storage would be insignificant. 
Dr. Knowlen studied the use of cryogenic air and nitrogen and the economics 
and safety issues, and delivered a paper at the Society of Automobile Engineers 
conference in Los Angeles. This was during the popularity of battery powered 
cars, so it did not get a lot of attention. 

Paul still thinks that air is the way to go. He never got to finish what he wanted to 
do with his engine. He is now working on a rotary valve for internal combustion 
engines, with fully variable timing. He has been granted two patents for his 
rotary valve and has another patent in the works. 

The seals on the original short cutoff engine limited the pressure and therefore 
the effectiveness and efficiency of that engine. A different approach on the seals 
would be used if further air engine designs were undertaken. 
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Paul notes that a cryogenic car can be run on ordinary compressed air by 
bypassing the heat exchanger, although the inverse is not true. He states that 
the cryogenic car has the advantage over the compressed air car, in that it can 
store 2.5 times more air in a given tank at a given pressure. Therefore the 
cryogenic car can exceed the range of the pneumatic car by more than twice. 
The cost of doing that is to have a U of W type heat exchanger on board to warm 
the cryogenic air up to near ambient, with the “free” ambient energy. It is this 
ambient energy converted back to useful driving energy that extends the driving 
range of the car by double over the compressed air concept. Another way of 
stating it is that the car can carry twice as much mass of air as a liquid, but it all 
comes out to the same impressive gain in on board energy storage. You get air 
conditioning as a side benefit whether the car is running on cryogenic air or 
highly pressurized air. 

Paul is still interested in working on air engines and would be willing to be hired 
on to do engineering work on either cryogenic or pneumatic systems. He 
strongly believes in the superiority of the cryogenic system, which would need to 
be supported by tanker trucks transporting liquid air to cryogenic air stations, 
because of the greater range between fill-ups compared to the compressed air 
car. 

Paul’s own written explanation of the advantage of cryogenic-over-compressed 
air is reproduced here: 

“Liquid air is much denser than pressurized air. We were using 
lightweight tanks designed for and used by the CNG (compressed 
natural gas) cars. CNG burns cleaner than gasoline, and is used in 
some places, but has much lower energy availability, generates 
Carbon Dioxide, etc., so it probably won't ever be THE solution. 

These tanks are good for, I believe, 4000 psi. Because cryogenic 
air (liquid air) is a liquid, instead of a gas, it is much denser, or 
about 2.5 times as heavy as even the highly pressurized air at 
around 4,000 psi. (I hope my numbers are right, it has been several 
years since I went through this). You see, air is quite light at 
atmospheric pressure, but it gets more dense as you pressurize it. 

If you pressurize it to two atmospheres, that is to say, about 30 psi 
instead of 14.7 psi, then it is twice as dense, because you have 
twice as many molecules in the same volume. And so forth. And 
when you go from high pressure (about 3500 or 4,000 psi) to liquid, 
you get about 2.5 times as much liquid air in the same volume tank 
that held the high pressure air. Above 4,000 psi, it is not practical to 
pressurize air and haul it around in a tank, it is generally agreed it is 
too dangerous if ruptured, it is like a damn big gun exploding. So 
that is sort of the agreed on upper limit for hauling around pressure 
vessels of anything safely on the highways, air included. Plus the 
tanks get to be very heavy walled, and expensive, and weigh a lot. 
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“Liquid air is made in large plants by pressurizing the air, and then 
removing the heat caused from the pressurization, and then doing it 
again and again, until it collapses from the gaseous state to a 
liquid, and it is very cold, I can't remember, lousy memory, but it is 
around 200 degrees F below zero. Now it is not under great 
pressure as a liquid, but will vaporize and turn back to gaseous air 
as ambient heat leaks in through the tank, and that causes the 
pressure to rise, so you have to insulate the container, and that is 
often done by making a Dewar flask, which is like a thermos bottle. 
Fortunately there are some really good insulators from the past few 
years, and you can insulate a tank with stuff like glass foams that 
do a great job of keeping the liquid air cold. Even so, there is a little 
heat leaks in, and I think they figure on losing about 5% in a week, 
due to heat leaks, and having to vent the excess pressure off. 

”Dr. Knowlen and I looked at this several years ago and he wrote a 
paper on it, so you guys might call Washington U in Seattle and ask 
him for a copy. I got one somewhere, but it is filed away in the junk, 
but I remember that we found out from the big suppliers that it costs 
about 15 cents a gallon to make liquid air. Carl figured it out for 
reasonable mileage and storage, and I think it came out that liquid 
air was the equivalent, economically, of operating a gasoline 
powered car at $1.30 per gallon. So you see, the economics are 
not at all bad, and no gas price wars with the Arabs and 
Californians driven by environmentalists to not build more 
refineries, etc. 

’’Liquid cryogens, mostly Oxygen, Nitrogen, Argon, and C02, are 
hauled all over the country in those long shiny tank tractor trailers, 
and I have never heard of a bad accident like you have with 
gasoline tankers. The big liquid air plants are expensive to build, so 
they haul their product hundreds of miles. They crack off Oxygen, 
Nitrogen, Argon, etc. from these plants much like you do in a 
petroleum refinery, based on their liquification temperature. They 
don't explode, not even Oxygen, because there is no fuel to ignite 
when the tank breaks. Remember, the pressure is not high!!! Oh 
the oxygen will burn anything organic it touches, like gasoline, that 
is how the Moon rockets worked, and you don't need a spark plug. 
But by and large it is safer to store liquid air than it is to store 
gasoline, in my opinion. 

’’You could have filling stations just like you have now, only they 
would have insulated liquid air tanks. They get filled once a week 
by the big highway tankers. Special nozzles used to fill the liquid air 
tank in your car, not a big deal, and not at high pressure like the 
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pressurized air tanks. If you have a leak, so what? The liquid air 
quickly vaporizes, and turns into air, and it is much cleaner than the 
air in LA, because liquifying it takes out all the dirty stuff. Neat, 
hunh? 

’’Still won’t have as good mileage range as gasoline powered cars, 
but about double what you will have in pressurized air cars. And if 
you are remotely located and don't have a liquified air station, just 
use your handy dandy high pressure air compressor and run the 
car at half its liquid air range. The liquid air tank will probably have 
the same pressure rating as the high pressure air tank. 

’’A word about air conditioning. You don't get the AC from the very 
cold liquid air, you get it from the expansion of the air in the 
cylinder. So you get A/C whether the car is liquid air or pressurized 
air tank. I was taking air at about 80 degrees F from a pressurized 
tank and putting it through my engine at several hundred psi, and it 
was expanding to do work in the cylinder and coming out the 
exhaust at below 75 degrees below zero and you could make it 
snow by blowing your moisture laden breath across the exhaust. 
My seals were not very god, so I only ran at 300 to 700 psi, and 
that is not very efficient use of the air, but the engine ran as high as 
14,700 rpm, and, by the way, there was almost NO vibration, and it 
would run nicely down to about 30 rpm. You do not need much if 
any transmission in a “steam” (Rankine thermodynamic cycle) 
engine. Lots of torque when you need it for short time, though 
inefficient at long cut offs. 

’’Cryogenic air doubles your tank range, and it is safer than high 
pressure air. You can use the same vehicle and tank for high 
pressure air, it is just a little bigger with the insulation. I would rather 
hit a cryogenic tank full of liquid air, than a 4,000 psi air tank. The 
difference in explosive power and potential hazard in an accident is 
enormous. Spilled cryogenic air on asphalt, might or might not burn 
the asphalt, I don't think so, as 80 percent of the liquid air is 
Nitrogen, and non flammable. It boils off to become air very rapidly. 
That is why you want to use liquid air, rather than liquid oxygen, 
and you don't need to go all the way to liquid Nitrogen to make it 
safe, but some tests would be needed.” 
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ABSTRACT 

Cryogcns are effective thermal storage media 
which, when used for automotive purposes, offer 
significant advantages over current and proposed 
electrochemical battery technologies, both in 
performance and economy. An automotive propulsion 
concept is presented which utilizes liquid nitrogen as 
tire working fluid for an often Rankine cycle. When 
the only heat input to lire engine is supplied by 
ambient heat exchangers, air automobile can readily be 
propelled while satisfying stringent tailpipe emission 
standards. Nitrogen propulsive systems can provide 
automotive ranges of nearly 400 kilometers in the zero 
emission mode, with lower operating costs than those 
of the electric vehicles currently being considered for 
mass production. In geographical regions that allow 
ultra low emission vehicles, the range and 
performance of the liquid nitrogen automobile can be 
significantly extended by the addition of a small 
efficient burner. Some of the advantages of a 
transportation infrastructure based on liquid nitrogen 
arc that recharging the energy storage system only 
requires minutes and there are minimal environmental 
hazards associated with the manufacture and 
utilization of die cryogenic “fuel.” 

I. INTRODUCTION 

The development of road-worthy electric 
vehicles (EVs) has been stimulated by the approach 
California has taken to improve its urban air quality to 
meet Federal standards. In 1990 the state government 
passed legislation requiring that, starting in 1998, at 
least 2% of all new vehicles sold within its jurisdiction 
to be zero emission vehicles (ZEVs), with the 
minimum fraction of new vehicle sales to increase to 
10% by the year 2003. Several other states have 
adopted the California regulations and full compliance 
would result in over 500,000 new ZEVs being sold 
every year in just the U.S.A. The environmental 
impact of the energy storage technology chosen to 
power such a large fleet of vehicles must be carefully 
evaluated. 
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Under present regulations, a ZEV is one that 
does not produce any tailpipe pollutants, regardless of 
the emissions produced in the manufacture of the 
vehicle or in generating the electricity to recharge its 
energy storage system. Some of the available 
technologies for storing energy dial meet these 
qualifications are electrochemical batteries, fuel cells, 
and flywheels.* Improvements in each of these 
energy storage systems conunue to be made; however, 
only the electrochemical battery has reached a high 
enough state of development to be considered useful 
and practical in a large EV licet. Among the different 
battery concepts being developed, the lead-acid 
battery still appears to offer the best compromise of 
performance, utility, and economy for transportation 
applicaUons. 

A significant fracuon of the lead produced each 
year is used in lead-acid batteries for automobiles and 
a typical EV requires 20-30 conventional batteries to 
have a useful range. The growing public awareness of 
the health hazards arising from elevated 
concenlradons of lead in the environment has resulted 
in a steady decrease in the amounts of lead used in 
industry and personal products over the years. In 
addition, it has been found that the pollution control 
practices at the mine heads and ore smelters have not 
prevented serious degradation of their surroundings. 
Thus, it is highly probable that the environmental 
impact of the increased mining and refining of lead 
ore, to meet the needs of a transportation 
infrastructure based on lead-acid batteries, could 
completely negate the benefits expected from the 
elimination of tailpipe emissions. 2 

Due to the expected degradation of the 
environment arising from the wide spread use of lead- 
acid batteries and the technical difficulties of applying 
other advanced energy storage technologies, we have 
been examining the potential of using cryogcns as 
high energy density thermal storage media. If the 
cryogcn can be effectively used in a heat engine 
whose only energy input comes from the atmosphere, 
then a new kind of EV is possible which avoids many 
of die environmental consequences of electrochemical 
batteries. Indeed, it appears that liquid nitrogen (LN 2 ) 
can be used in a zero-emission propulsion system that 
is as effective and probably more economical to 
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operate than the high performance battery systems 
currently under development.^ 

There have been several concepts for storing 
the working fluid of a propulsion system as a 
cryogenic liquid or frozen solid discussed in the open 
literature. One of the earliest articles describes the use 
of dry ice to power the steam locomotive of a model 
train set. 4 Sublimation of the CO2 rapidly pressurized 
the tender reservoir which enabled operation for up to 
an hour. Even if this approach was practical to scale 
up, there would be significant opposition to the wide 
spread release of such a major greenhouse gas. Others 
have suggested using methane as the working fluid of 
a Rankine cycle operating on the temperature 
difference between a liquid hydrogen reservoir and 
ambient conditions.^ A simple prototype was built 
which generated approximately 1 KW with 26% 
thermal efficiency in laboratory tests using LN2 in 
place of liquid hydrogen. This device was successful 
in demonstrating a means for driving the pump needed 
to pressurize the fuel system of a hydrogen-powered 
automobile wiihoul sacrificing any engine power. 

Around 1980, a full-sized automobile 
propulsion system using a diesel-fired combustor to 
vaporize and superheat N2 to approximately 1000 K 
was suggested as a means to reduce our dependence 
on imported oil.®*^ This alternative power plant 
concept appeared capable of providing the same road 
performance as a conventional automobile while 
having comparable operating expenses and a much 
lower fuel consumption. Apparently the economics of 
introducing this technology to compete with gasoline 
engines were not favorable enough to warrant further 
development at that time. In any case, since there is 
ample enthalpy in ambient air to vaporize LN2 with 
only a few degrees of temperature drop at low air flow 
rates, the use of a high temperature combustor is not 
necessary to adequately power small commuter 
vehicles. 

The LN2 propulsion system for a ZEV operates 
very much like a conventional steam engine while 
taking advantage of machinery designed for 
subambient temperature applications. Instead of using 
a steam jacket to minimize the heat loss through the 
steam cylinder walls, a LN2 expander will have 
circulating fluid to maintain the wall temperature as 
high as possible to enhance heat transfer during the 
power stroke. A schematic of a Rankine cycle 
propulsion system using only ambient air to heat the 
cryogenic working fluid is shown in Fig. 1. An 
insulated “fuel” tank contains LN2 at atmospheric 
pressure and a temperature of 77 K. A cryogenic 
pump draws LN2 from the bottom of the tank and 
compresses it to the operating pressure of the system. 
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Fig. 1 Schematic of LN2 propulsion system using 
only ambient air for heat source. 


Pressurized LN2 then passes through the heat 
exchanger, which is optimized as a LN2 vaporizer and 
N2 superheater, to raise the gas temperature to just 
below ambient conditions. The gaseous N2 is then 
injected into the cylinder as the piston approaches top 
dead center. It is possible for multiple expansion 
strokes and reheats to be utilized, at the expense of 
mechanical complexity, to approach quasi-isothermal 
performance. If the exhaust gas has sufficient 
enthalpy it passes through an economizer before being 
vented to atmosphere. The nitrogen condensation 
phase closing the Rankine cycle occurs at stationary 
air liquefaction plants. 

This zero emission propulsion concept offers 
many environmental advantages over internal 
combustion engines and electrochemical battery 
vehicles. It has low operating costs, ample propulsive 
power, and reasonable round uip energy efficiency. 
We refer to this ZEV as the “cryomobile.” In the 
following section the thermodynamics of cryogen 
energy storage are presented, with the primary 
emphasis on liquid nitrogen. An application of LN2 to 
pollution-free automotive propulsion is then discussed 
along with some of the technical issues facing its 
implementation and the possibility of range extension 
usings small burner. 

II. THERMODYNAMICS OF CRYOGENS 

The basic idea of the LN2 propulsion system is 
to utilize the atmosphere as a heat source and a 
cryogen as a heat sink in a thermal power cycle. This 
is in contrast to typical thermal engines which utilize 
an energy source at temperature significantly above 
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ambient and use the atmosphere as a heal sink. In 
both cases the efficiency of conversion of thermal 
energy of the source to work (W) is limited by the 
Carnot efficiency, tj = WlQh = 1 - where Qt, is 
heal input, /'/ is the sink temperature, and /'/, is the 
temperature of the heal source. By using liquid 
nitrogen as the cryomobile energy sink (7/ = 77 K) 
this ideal thermal efficiency is impressively high 
(74%) with an atmospheric heat source at T h = 300 K. 
The key issues are the ability to design a practical 
energy conversion system that can take advantage of 
this high efficiency and the available energy of the 
cryogen while still being cost competitive with 
alternative EVs. 

Thermal Storuge Effectiveness 

Because the design and expense of the 
cryomobile are driven primarily by the cryogen heat 
sink, it is useful to characterize performance by a 
“sink efficiency", /3 = WIQi, i.e. the inverse of the 
coefficient of performance for a refrigerator. For a 
reversible cycle with fixed sink and source 
temperatures the ideal sink efficiency is /3 = T/,/7) - 1 , 
or 2.9 for 7/ = 77 K and T h = 300 K. If only the 
enthalpy of evaporation of LN2 (hf g = 199 kJ/kg) is 
used to sink such an engine, the ideal work output is 
576 kJ/kg of LN2. This specific energy is 
significantly higher than the 180-300 kJ/kg achieved 
with lead-acid batteries. 8 

Additional potential remains for heat sinking by 
the cold N2 vapor, and the ideal work recoverable 
from an expansion engine as LN2 is evaporated at 
77 K, then brought up to ambient temperature 
(T 0 = 300 K), is given by the difference in 
thermodynamic availability, V 7 = h - sT 0 , between 
liquid and ambient states. This “reversible work” for 
LN2 is W r = 769 kJ/kg-N2 and the corresponding sink 
efficiency is 1.78. Thus, only a small fraction of 
the reversible work needs to be recovered to provide 
the cryomobile with a driving range commensurate 
with that of battery-powered vehicles of comparable 
weight. The relative merits of different ZEV 
technologies must also be evaluated on considerations 
other than performance such as environmental 
friendliness and commuting utility. While the specific 
energy of LN2 or batteries is far below that of 
hydrocarbon fuels, the internal combustion engine 
cars cannot operate without polluting emissions and 
thus should not be compared with ZEVs. 

Power Cycle 

The Rankine cycle is among the most attractive 
choices for approximating Camot performance, when 
using a fixed temperature heat source and sink. We 



Fig. 2 Temperature-entropy diagram of Rankine 
cycle using LN2 for working fluid. 


have focused on directly using the nitrogen itself as 
the working fluid, wherein the liquid is compressed 
with a cryogen pump, heated and vaporized by heat 
exchange with the atmosphere, and then expanded in a 
piston-cylinder engine. The temperature-entropy 
diagram for a representative case is illustrated in 
Fig. 2. Slate 1 is the cryogenic liquid in storage at 
0.1 MPa and 77 K. The liquid is pumped up to system 
pressure of 4 MPa (supercritical) at stale 2 and then 
enters the economizer. State 3 indicates N2 properties 
after its been preheated by the exhaust gas. Further 
heat exchange with ambient air brings the N2 to 300 K 
at state 4, ready for expansion. Isothermal expansion 
to 0.1 1 MPa at state 5 would result in die N2 exhaust 
having enough enthalpy to heat the LN2 to above its 
critical temperature in the economizer, whereas 
adiabatic expansion to state 6 would not leave 
sufficient enthalpy to justify its use. The specific 
work output would be 320 and 200 kJ/kg-LN2 for 
these isothermal and adiabatic cycles, respectively, 
without considering pump work. While these power 
cycles do not make best use of the thermodynamic 
potential of the LN2, they do provide specific energies 
competitive with those of lead-acid batteries. 

Liquid Nitrogen Manufacture 

The cost of the LN2 “fuel" is expected to be 
reasonable. The primary expense for producing LN2 
is the energy cost for compression of air.^ Cryogenic 
separation of nitrogen from other condensables in air 
typically requires only a very small fraction of the 
total energy, 10 so the ideal work to manufacture LN2 
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from air is very nearly that for using nitrogen as a 
feedstock. This work is exactly the reversible work 
obtainable from an ideal cryo-engine, 769 kJ/kg. The 
actual work required in a modem LN2 plant is 2.0-2. 5 
limes the minimum, or 1540-1920 kJ/kg. 1 1 Assuming 
an industrial electric rate for interruptible power of 
50/kW-h, the energy cost would amount to 2.60/kg- 
LN2, in accord with delivery prices of LN2 in large 
quantities. Marketing the other commercially 
important components of air will help offset the LN2 
production costs. Since the equipment needed for air 
liquefaction can be powered solely by electricity, it is 
conceivable to decentralize the “fuel” manufacturing 
process and to place small scale production facilities 
at the LN2 dispensing sites. A cost-benefit analysis is 
needed to determine the smallest air liquefaction 
machinery that can be used to produce LN2 in an 
economical manner. 

111. APPLICATION TO AUTOMOTIVE 
PROPULSION 

In order to determine the effectiveness of using 
LN2 as the working fluid, the performance capabilities 
of reciprocating engines having adiabatic or 
isothermal power strokes (infinite reheats) have been 
examined. Curves indicating die specific work for 
both expansion processes as a function of injection 
pressure are shown in Fig. 3, with the injection 
temperature as a parameter. The LN2 pump is 
assumed to compress the cryogenic liquid to operating 
pressure with 80% efficiency. An ideal expander is 
assumed and the LN2 injection cut-off point has been 
adjusted so that the final pressure after expansion is 
always 0. 1 1 MPa. For the range of pressures shown in 
Fig. 3, the work of the isothermal cycle increases 
monotonically with increasing pressure, whereas the 
adiabatic LN2 engine is only weakly dependent on 
peak cycle pressure above 4 MPa. Since litis is a 
reasonable operating pressure for both piston and 
turbine expanders, it will be used to illustrate the 
performance potential of the LN2 energy storage 
system. 

The cruising characteristics of a cryomobile, 
operating with either the adiabatic or isothermal cycle, 
are presented in Table 1. A [teak injection pressure of 
4 MPa and peak cycle temperature of 300 K are used 
here. Estimates of the mass and volume of the LN2 
required for a given range are based on a vehicle (hat 
requires the same amount of road power during 
freeway cruise as the Honda CRX automobile, i.c., 
7.8 kW at 97 km/h (60 mi/li). 12 The “fuel” operating 
costs are based on the economics of supplying LN2 
from a plant optimized for its production (2.60 per kg- 
LN2), as discussed in Section II. For the specified 
cruise conditions, the propulsion system having an 


Expansion Process 



Fig. 3 Specific work for adiabatic and isothermal 
expansion processes as function of peak 
cycle temperature and pressure. Exhaust 
pressure is 0.11 MPa and pump work is 
included. 


isothermal expansion process will consume LN2 at a 
rate of 25 gm/scc and have an operating cost of 
approximately 2.40 per kilometer. The corresponding 
storage volume and mass of LN2 required to provide a 
maximum range of 300 km is 400 liters (106 gal) and 
280 kg, respectively. Thus the cryogenic storage lank 
can readily fit within the trunk volume of a 
conventional automobile. 

It is useful to compare the performance 
capabilities of the LN2 propelled vehicle with two 
other EV concepts: General Motor’s new electric car 
called the “Impact” and a Honda CRX that was 
converted to operate with an advanced electric 
propulsion system. The Impact is an optimized EV 
that utilizes advanced lead-acid batteries, special tires 
for low rolling resistance, and a streamlined body 
having a very low drag coefficient. 1 -* This two-seater 
car contains 400 kg of batteries to get a maximum 
range of 240 km between recharges and it has an 
effective operating cost of 50/km (80/mi)/ The 
modified CRX uses a pack of 28 lead-acid batteries, 
which have a total mass of 500 kg and occupy a 
volume of 240 liters (63 gal). The maximum range 
for this EV at cruise is 180 km and its effective 


Including cost of replacing baueries every 20,000 miles. 
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TABLE 1: Operating Parameters of the Ambient 
Air Powered LN 2 Automobile 


Process: 

Adiabatic 

Isothermal™ ' 

Pump Work: 

6 kJ/kg-LN 2 

6 kJ/kg-LN 2 

Net Work Out: 

194 kJ/kg-LN 2 

314 kJ/kg-LN 2 

Heat Input: 

419 ki/kg-LN 2 

750 kJ/kg-LN 2 

Energy Density: 

54 W-hAg-LN 2 

87 W-h/kg-LN 2 

LN2 Flow Raie;t 

1.5 kg/km 

0.93 kg/km 

Operating Cosp-t- 

3.9 0/km 

2.4 0/km 


t Based on 7.8 kW for highway cruise at 97 km/h. 
4 Based on 2.60 per kg-LN2 production cost. 


operating cost is 280/km (450/mi).** If the CRX were 
modified with an LN2 propulsion system and the 
cryogen storage vessel occupied the same volume as 
the lead-acid batteries, then this vehicle would have 
the same range while saving 300 kg in energy storage 
mass. 


Not only are the operating costs of die cryogen 
propulsion systems lower than those for the EV 
concepts discussed above, they are also competitive 
with the advanced battery systems currently being 
developed. As can be seen in Fig. 4, the LN2 storage 
system compares favorably with the lead-acid battery 
on a per mass basis. Indeed, if near-isothermal 
performance can be achieved, the specific energy 
characteristics become particularly attractive. In 
addition, since the fully loaded LN2 tank would 
comprise about 25% of the total vehicle mass (30% is 
typical mass ratio for lead-acid battery systems), 14 the 
cryomobile performance should increase as the 
cryogen is consumed. 

IV. COMPONENT DESCRIPTIONS 
Expander 

The maximum work output of the LN2 engine 
results from an isothermal expansion stroke. 
Achieving isothermal expansion will be a challenge, 
because the amount of heal addition required during 
the expansion process is nearly that required to 
superheat the pressurized LN2 prior to injection. 
Thus, engines having expansion chambers with high 
surface-to-volume ratios are favored for this 
application. Rotary expanders such as die Wankel 
may also be well suited. A secondary fluid could be 
circulated through lire engine block to help keep the 




Including cost of replacing batteries every 1,5(X) miles. 
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Fig. 4 Energy densities of various electrochemical 
batteries compared with LN 2 thermal 
storage. LN 2 is expanded from 300 K and 
4 MPa to 0.11 MPa. 
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cylinder walls as warm as possible. Multiple 
expansions and reheats can also be used although they 
require more complicated machinery. 

Vehicle power and torque demands would be 
satisfied by both throttling the mass flow of LN2 and 
by controlling the cut-off point of N2 injection, which 
is similar to how classical reciprocating steam engines 
are regulated. The maximum power output of the 
propulsion engine is limited by the maximum rate at 
which heat can be absorbed from the atmosphere. The 
required control system to accommodate the desired 
vehicle performance can be effectively implemented 
with either manual controls or an on-board computer. 
The transient responses of the LN2 power plant and 
the corresponding operating procedures are topics to 
be investigated. 

Heat Exchanger 

The primary heat exchanger is a critical 
component of a LN2 automobile. Since ambient 
vaporizers arc widely utilized in the cryogenics and 
LNG industries, there exists a substantial technology 
base. 15 Unfortunately, portable cryogen vaporizers 
suitable for this new application are not readily 
available at this time. To insure cryomobile operation 
over a wide range of weather conditions, the vaporizer 
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Tube Element 


should be capable of heating the LN 2 at its maximum 
flow rate to near the ambient temperature on a cold 
winter day. Since reasonable performance for 
personal transportation vehicles can be obtained with 
a 30 kW motor, the heat exchanger will be sized 
accordingly. For an isothermal expansion engine 
having an injection pressure of 4 MPa, the heal 
absorbed from the atmosphere can, in principle, be 
converted to useful mechanical power with about 40% 
efficiency. Thus the heal exchanger system should be 
prudently designed to absorb at least 75 kW from the 
atmosphere when its temperature is only 0°C. 

To estimate the mass and volume of the 
primary heat exchanger, it was modeled as an array of 
individually fed tube elements that pass the LN 2 at its 
peak flow rate without excessive pressure drop. Each 
element is a 10 m long section of aluminum tubing 
having an outside diameter of 10 mm and a wall 
thickness of 1 mm. They are wrapped back and forth 
to fit within a packaging volume having 0.5 m x 0.4 m 
x 0.04 m dimensions and are arrayed in the heat 
exchanger duct as shown in Fig. 5. Incoming air will 
pass through a debris deflector and particulate filter 
before encountering the elements. An electric fan will 
draw the air through the duct when the automobile is 
operating at low velocities or when above normal 
power outputs are required. 

The tube exterior heat transfer coefficient is 
based on that for a cylinder in cross flow and the 
internal heat transfer is for fully developed turbulent 
flow. 16 The bulk temperature of the air is assumed to 
decrease across each lube row as determined from 
energy conservation and the pressure drop is 
determined for the whole tube bank. The heat transfer 
calculations also account for N 2 pressure drop and 
variations in its thermodynamic properties in the tube 
elements. 17 Some of the important phenomena not 
considered at this stage of analysis were the effects of 
transient LN 2 flow rates, start up, frost accumulation, 
tube fins, and axial thermal conduction. 

To illustrate the operational characteristics of 
this ambient vaporizer, temperature profiles along a 
single element exposed to 300 K air moving at 
1 8 km/li (1 1 mi/h) are shown in Fig. 6. The LN 2 and 
air mass flow rates are 8 gnt/sec and 0.24 kg/scc, 
respectively. For this example the peak cycle 
temperature is 260 K and the air stream exits the heat 
exchanger at about 250 K. Since the in-tube heat 
transfer coefficient is very high, the tube wall remains 
close to the LN 2 /N 2 temperature, even though the 
cryogen flow rate is much less than that of the outside 
air. Thus the formation of rime ice is highly probable 
for these conditions. The atmospheric moisture will 
be removed relatively quickly as the ambient air is 
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Fig. 5 Schematic of heat exchanger element used 
in analysis (top) and staggered tube array 
for determining air pressure drop (bottom). 
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Fig. 6 Temperature profiles of a single heat 
exchanger element. Aluminum tubing: 
8 mm I.D. x 10 mm O.D. x 10 m long. 
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chilled over the first few tube rows, leaving extremely 
dry air to warm up the coldest parts at the rear of tire 
heal exchanger where the LN2 enters. Surface 
coatings such as Teflon can be used to inhibit ice build 
up and active measures for vibrating the tube elements 
may also be applied. However, these approaches may 
not be necessary since high LN2 flow rates are only 
needed during times of peak power demand and the 
heat exchanger elements are much longer than 
necessary to elevate the LN2 temperature to near 
ambient at the lower flow rates required for cruise. 
Thus, the frosted tube rows may have ample 
opportunity to de-ice once the vehicle comes up to 
speed. 




Air Velocity (km/h) 


Fig. 7 N2 temperature (top) at exit of tube element 
and air temperature (bottom) at exit of heat 
exchanger duct for different LN2 flow rates 
as function of incoming air velocity. 


The effects of the relative air velocity on the N2 
temperature at the exit of a single tube element and the 
air temperature at the exit to the heat exchanger are 
shown in the top and bottom plots, respectively, of 
Fig. 7 for several different LN2 flow rates. Ambient 
temperature was 273 K and the N2 injection pressure 
was 4 MPa for these calculations. It is apparent that 
the relative air velocity must be over 50 km/h 
(31 mi/li) to heat the 8 gm/sec flow to a reasonable 
operating temperature (240 K), whereas the 2 gm/sec 
flow will exit the heal exchanger clement at ambient 
temperature if the vehicle speed is over 18 km/h. 
Correspondingly, the temperature drop in the air flow 
decreases significantly at higher velocities, indicating 
the potential for cruising at highway speeds on a cold 
day without incurring an extraordinary icing problem. 
The propulsion control system would insure that 
adequate amounts of air were drawn through the heat 
exchanger to meet power demands at any velocity and 
to minimize frost build up. 

Even though inclement weather will certainly 
degrade the performance of the cryomobile, it will not 
preclude effective operation. If the propulsion system 
operating conditions were such that the LN2 could 
only be healed to 250 K prior to injection, the flow 
rales of LN2 for the isothermal and adiabatic cycles to 
generate 30 kW would be 1 15 gm/sec and 187 gm/sec, 
respectively. The previously described heat 
exchanger configuration can theoretically heat the 
higher LN2 flow rate to 250 K with 25 radiator 
elements when the vehicle is traveling at 25 km/sec 
(16 mi/h) and the ambient air temperature is only 0°C 
(Fig. 7). The LN2 viscous pressure drop would be 
about 0.05 MPa, which is easily compensated for with 
the cryogcn pump. The electric fan would require 
approximately 1.5 kW to accelerate the air and 
overcome the 400 Pa pressure drop through the heat 
exchanger if the vehicle were standing still. Since 
each element is 0.76 kg, the total tubing mass would 
be 19 kg. If the same mass was added by the 
manifolds and duct then the net mass of the heat 
exchanger would be under 40 kg. When operating on 
a typical California day, it is expected that this over- 
designed cryogen vaporizer will readily heat the LN2 
up to ambient temperature without any appreciable 
icing. 

Cryogen Storage Vessel 

The primary design constraints for automobile 
cryogcn storage vessels are: resistance to deceleration 
forces in the horizontal plane in the event of a traffic 
accident, low boil-off rale, minimum size and mass, 
and reasonable cost. Crash-worthy cryogen vessels 
are being developed for hydrogen-fueled vehicles that 
will prevent loss of insulating vacuum at closing 
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speeds of over 100 km/h. 18 Moderately high vacuum 
(10" 4 lorr) with super insulation can provide boil-off 
rales as low as 1% per day in 200 liter (53 gal) 
containers. Using appropriate titanium or aluminum 
alloys for the inner and outer vessels, a structurally 
reinforced dewar could readily have a seven-day 
holding period. The cost of a mass produced, 200 liter 
automotive tank for liquid hydrogen containment has 
been estimated to be between $200 and $400 (in 1970 
dollars). Thus the expense of a 400 liter LN 2 tank (or 
two 200 liter tanks) is expected to be reasonable. 

V. TECHNICAL ISSUES 
Range Extension and Power Boosting 

Range extension and performance enhancement 
can be realized by heating the LN 2 to above ambient 
temperatures with the combustion of a relatively low 
pollution fuel such as ethanol or natural gas. The 
augmentation of power output is most apparent for the 
adiabatic expansion engine, as can be seen in Fig. 8. 
By increasing the gaseous N 2 temperature to 500 K, 
the specific work at 4 MPa for the adiabatic engine is 
increased by 60% to make it nearly the same as the 
work from an isothermal expansion engine operating 
at 300 K. To evaluate the performance enhancement 
potential for an isothermal engine, the high 
temperature N 2 is assumed to polylropically expand to 
the end state reached when the engine is operating 
isotherm ally at ambient temperature. In this particular 



Injection Pressure (MPa) 


Fig. 8 Specific work for adiabatic and polytropic 
expansion to 0.11 MPa from temperatures 
above ambient. N 2 temperature is 300 K 
after polytropic expansion. 


propulsive cycle an extra superheat of 200°C results in 
only a 30% increase in specific power. Thus the 
advantage of operating above ambient temperature 
depends, in part, on how isothermal the expansion 
process can be made to be. 

There is also the intriguing possibility of 
storing energy for boosting power or extending range 
by applying a medium that undergoes a phase change 
to the final superheater segment of the heat exchanger 
system. Ideally the phase change material would be 
slowly “recharged” as it absorbs heat from the 
atmosphere while the vehicle is parked and during 
cruise when peaking power is not required. Fast 
recharging with electric heaters may also be 
considered. We recognize that this added complexity 
must compete in mass and compactness with the 
alternative of just carrying more LN 2 . 

While extremely cold weather would degrade 
performance of a LN 2 propulsion system, this would 
not diminish the cryomobile’s advantage over most 
battery EVs since their performance is severely 
compromised in cold weather. Below freezing, air 
temperatures are extremely warm to the cryogen 
“fuel” and the moisture content of the atmosphere is 
significantly diminished. Thus it is anticipated that 
sufficient enthalpy can still be drawn from the air to 
provide ample power without incurring a detrimental 
icing penalty. If necessary, an auxiliary combustor 
can be added that would allow continuous use of the 
vehicle on the very coldest days. 

Liquid Nitrogen Infrastructure Considerations 

There are many advantages that might be 
anticipated pending successful development of a 
transportation system based on liquid nitrogen. Large 
scale demand for LN 2 would result in some inevitable 
cleansing of the atmosphere due to the air liquefaction 
process. Atmospheric contaminants which have 
proved troublesome in highly congested 
environments, such as sulfur and nitrogen compounds, 
chlorinated fluorocarbons, and other greenhouse 
gases, are necessarily removed during the air 
liquefaction process and can be readily disposed of in 
an environmentally friendly manner. 1 ^- 20 Further 
expansion of a liquid nitrogen infrastructure would 
also have the effect of promoting new technologies 
that can enhance llie efficiency of operations natural to 
a big city, involving everything from air-conditioning 
and food processing to industrial processes which 
currently use various components of air in large 
quantities. 

The disadvantages of initiating a LN 2 based 
transportation system have to be assessed carefully. 
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The round trip energy efficiency of a practical LN2 
thermal storage system is less than that of batteries, 
approximately 17% for the isothermal example 
discussed here as compared to 60% for a typical 
EV.1 4 However, the per-kilometer operating costs are 
much lower for the LN2 car because there are no 
major component replacements (such as battery packs) 
that are required periodically. Many of the 
electrochemical battery systems under development 
require special recharging hardware that will require a 
substantial infrastructure investment before they can 
be widely implemented. Likewise, a cryogenic 
nitrogen distribution system will have to be 
developed. The LN2 could either be produced on the 
dispensing site or trucked in as is done with 
conventional fuels. Due to its safety, above ground 
storage in vertical insulated tanks is convenient. 
Refilling operations for the cryomobiles will only take 
minutes and can be very safe. A prototype cryogen 
refueling station for passenger cars has been 
constructed to demonstrate the feasibility of 
transferring liquid hydrogen.^ 1 It is anticipated that 
adapting this technology to LN2 distribution will not 
pose any significant technical challenges. Delivering 
road emergency quantities of LN2 may also be much 
easier and more cost effective than carrying the 
electric charging equipment and spare batteries 
required for typical EVs. 

VI. SUMMARY 

Applying LN2 as a portable thermal storage 
medium to propel both commuter and fleet vehicles 
appears to be an attractive means to meeting the ZEV 
regulations soon to be implemented. Pressurizing the 
working fluid while it is at cryogenic temperatures, 
healing it up with ambient air, and expanding it in 
reciprocating engines is a straightforward approach for 
powering pollution free vehicles. Ambient heat 
exchangers that will not suffer extreme icing will have 
to be developed to enable wide utility of this 
propulsion system. Since the expansion engine 
operates at subambient temperatures, the potential for 
attaining quasi-isothermal operation appears 
promising. The specific energy densities of LN2 are 
54 and 87 W-h/kg-LN2 for the adiabatic and 
isothermal expansion processes, respectively, and the 
corresponding amounts of cryogen to provide a 
300 km driving range would be 450 kg and 280 kg. 
Many details of the application of LN2 thermal 
storage to ground transportation remain to be 
investigated; however, to date no fundamental 
technological hurdles have yet been discovered that 
might stand in the way of fully realizing the potential 
offered by this revolutionary propulsion concept. 
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FROST-FREE CRYOGENIC HEAT EXCHANGERS 
FOR AUTOMOTIVE PROPULSION 

J. Williams,* C. Knowlcn, 1 A.T. Mattick, n and A. Hertzberg* 
Aerospace and Energetics Research Program 
University of Washington, Box 352250 
Seattle, WA 98195-2250 


The University of Washington is studying a concept in the field of zero-emission vehicles: the 
cryogenic automobile. The cryogenic automobile uses nitrogen, stored in liquid state, as its working 
fluid. The liquid nitrogen is pressurized, then vaporized in an economizer through which the exhaust 
from the expander runs in counterflow. The resulting gaseous nitrogen is superheated in an ambient- 
air heat exchanger. This produces a high pressure, near-ambient temperature gas which is injected into 
a quasi-isothermal expander to produce the system’s motive work. The spent, low pressure nitrogen is 
exhausted back to the atmosphere. One technical challenge which must be overcome is designing a heat 
exchange system that is structurally robust, works well under a variety of operating conditions and is 
not hampered by the buildup of frost. The formation of frost on sub-ambient heat exchangers increases 
conductive resistance to heat transfer, occludes air-side flow passages, and contributes to structural 
loading. A concept is described by which vaporization and superheating of the nitrogen is achieved in a 
frost-free manner. This is accomplished without the use of mechanical, electrical or thermal frost 
removal devices. This paper presents the design and fabrication of such a heat exchange system. 


Nomenclature 

A = area (in 2 ) 

c p = specific heat (J/kg K) 

F = heat flux (W/m 2 ) 

h = specific enthalpy (J/kg) 

A h - change in specific enthalpy (J/kg) 
k - thermal conductivity (W/m K) 

L = element length (m) 

tit = mass flow (kg/s) 

n t - number of tube passes 

N lu = number of transfer units 

P = perimeter (m) 

Q = heat transfer rale (W) 

r = radius (m) 

T - temperature (K) 

U = overall heat transfer coefficient (W/m 2 K) 
E = heat transfer effectiveness 

r| = non-dimensional span (. x/L ) 

T = non-dimensional temperature (T/T am ) 

Subscripts 

a = ambient 

c - condensation 

econ = economizer 
LN 2 = liquid nitrogen 
N 2 = gaseous nitrogen 
o = initial 

r = tube side 

s = shell side 

/ - inlet 

2 = outlet 


I. Introduction 

In September of 1990, in an effort to improve local 
air quality, the California Air Resources Board enacted 
the Low Emission Vehicle (LEV) program. 1 The LEV 
program established several categories of emission 
standards for cars and light trucks. The most stringent 
of these categories was for the zero-emission vehicle 
(ZEV). The LEV program requires that, by 2003, each 
of the seven largest automobile manufacturers 
(Chrysler, Ford, General Motors, Honda, Mazda, 
Nissan and Toyota) produce and offer for sale ZEVs at 
a rate equal to 10% of the automobile sales each 
company has in the state, or about 1 10,000 cars per 
year. 2 Similar mandates have also been adopted by 
New York and Massachusetts. 

The impetus for the LEV legislation is the desire to 
reduce air pollution. In urban areas of southern 
California, vehicles account for over 50% of the air 
pollution emitted. 3 In 1995, the South Coast Basin 
(which includes Los Angeles, Orange, and parts of San 
Bernardino and Riverside counties) experienced 
98 days in which the EPA health standard for ground- 
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level ozone was exceeded. Ground-level ozone can 
cause aching lungs, wheezing, coughing and headaches. 
Serious health problems can also arise for those people 
with asthma, emphysema and chronic bronchitis. 
Children appear to be at particular risk. A 1984 study 
conducted at USC showed that children raised in the 
South Coast Basin suffered a 10% to 15% decrease in 
lung function. 4 

The deleterious effects of gasoline and diesel 
powered vehicles are not limited to air quality in 
southern California, In half of the worlds cities, 
tailpipe emissions are the single largest source of air 
pollution. Worldwide, automobiles account for half of 
the oil consumed and a fifth of the greenhouse gases 
emitted. This situation is not expected to improve in the 
near future, as the number of cars and light trucks in the 
world - over 500 million - is expected to double in the 
next thirty years. Most of this growth will occur in 
developing countries which have little or no emission 
controls. 5 

Currently, the battery powered electric vehicle is 
the only commercially available technology that can 
meet ZEV standards. However, electric vehicles have 
not sold well. This is primarily due to their limited 
range, although anemic performance, slow recharge and 
high initial costs are also contributing factors. All of 
these issues can be traced directly to the limitations of 
electrochemical energy storage, particularly lead-acid 
batteries. Lead-acid remains the dominant technology 
in the electric vehicle market, but only exhibit energy 
densities in the range of 30-40 W-hr/kg. This compares 
with about 3,000 W-hr/kg for gasoline combusted in an 
engine running at 28% thermal efficiency. 6 Lead acid 
batteries can take hours to recharge and must be 
replaced every 2-3 years. This raises the specter of 
increased heavy metal pollution, were a lead-acid 
powered electric fleet ever to come to pass. 7 

Even advanced battery systems, such as nickel- 
metal hydride, zinc-air, and lithium-ion suffer from slow 
recharge and high initial cost. Nickel-metal hydride 
batteries, often touted as the heir-apparent of lead-acid, 
still contain a heavy metal and must realize dramatic 
reductions in cost in order to be truly competitive. 
Lithium-ion batteries, considered by many to be the 
third-generation solution, must also contend with cost 
and demonstrate their safety to a wary public. 

Another energy storage medium will be required to 
make ZEVs the non-mandated automobile choice of the 
car-buying public. If certain technical challenges can 
be overcome, that energy storage medium may well be 
liquid nitrogen. Since 1993, the University of 
Washington has been researching the technical 
challenges involved in building and operating a vehicle 


powered by liquid nitrogen. 8 Issues pertaining to frost- 
free heat exchanger performance, cryogenic equipment, 
cycle analysis, drive train selection and vehicle 
configuration are being investigated. 

This paper describes the fundamental concepts of 
cryogenic automotive propulsion. This includes the 
thermodynamic theory, the individual system 
components, the production of liquid nitrogen and 
infrastructure considerations. The analysis, design, and 
fabrication of a two-stage liquid nitrogen heat exchange 
system is discussed in detail. The experimental 
facilities, consisting of a low-speed wind tunnel and a 
prototype vehicle, are also described. Finally, 
conclusions and recommendations for future research 
are presented. 9 

II. Cryogenic Automotive Propulsion 

The cryogenic automobile is a zero-emission 
vehicle. It operates on the thermodynamic potential 
between the ambient atmosphere and a reservoir of 
liquid nitrogen. One way to utilize that potential is 
through an open Rankine cycle. The liquid nitrogen is 
drawn from a tank, pumped up to the system pressure, 
then vaporized and superheated in a two-stage heat 
exchange system. The resulting high pressure, near- 
ambient temperature gas is injected into a quasi- 
isothermal expander which produces the system's 
motive work. 10 The spent, low pressure gas is 

exhausted back to the atmosphere. 8 Because a zero 
emission vehicle is required to produce no smog- 
forming tailpipe or evaporative pollutants, 11 and 
because nitrogen gas is its only emission, the cryogenic 
automobile meets California's ZEV guidelines. 

Although the concept of a nitrogen powered 
automobile has been studied in the past, 12 ' 13 there are 
two key technologies that have yet to be demonstrated; 
the quasi-isothcrmal expander and a frost-free liquid 
nitrogen heat exchange system. It is this heat exchange 
system that is the primary subject of this paper 

Overview 

There are many thermodynamic cycles available for 
utilizing the thermal potential of liquid nitrogen. These 
range from the Brayton cycle, to using two- and even 
three-fluid topping cycles, to employing a hydrocarbon- 
fucled boiler for superheating beyond atmospheric 
temperatures. The easiest to implement, however, and 
the one chosen for this study, is shown in Fig. 1. This 
system uses an open Rankine cycle. It begins with a 
tank of liquid nitrogen stored at 77 K and 1 bar. The 
nitrogen is pumped, as a liquid, to the system's working 
pressure. This high pressure liquid Hows into the 
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economizer. The economizer is a shell-and tube beat 
exchanger where the shell-side fluid is the exhaust from 
the expander. While this step is not necessary from an 
energy point of view, it does have the advantage of 
providing a frost-irec pre-heat to the incoming liquid. 


Heat Exchanger 



Pump 


Fig. 1: Liquid nitrogen propulsion system. 

Once through the economizer, the vaporized 
nitrogen enters the heat exchanger, which has a multi- 
element, tube-m-erossflow configuration. The exterior 
fluid is the ambient atmosphere, which is drawn through 
the core of the heat exchanger either by the motion of 
the vehicle or by a fan, depending on the operating 
regime, This heat exchanger must be able to operate 
across most of the spectrum of environmental ami 
operating conditions without suffering the adverse 
effects of frost buildup. 14 

Upon leaving the heat exchanger, the working fluid 
is a high pressure, near ambient temperature gas. It is 
injected into the expander which provides all of the 
motive work for the system. This can be cither a 
positive displacement or turbine engine. Following 
expansion, the low pressure exhaust is warm enough to 
be used in an economizer, where it preheats the 
incoming liquid, before finally being vented to the 
atmosphere. 

The temperature-entropy diagram for the open 
Rankinc cycle, operated at critical pressure, is sfiown in 
big. 2. Labels 12 indicate the pumping process. 
Because pressurization is occurring in the liquid phase 
of the fluid, the work required is small in comparison 
with the available work. Process 2-3 is the pass through 
the economizer and heat exchanger. Process 3 4 and 3- 
4’ are the isothermal and adiabatic modes of expansion, 
respectively. If the shaded area represents the available 
specific work in the cycle, then these two processes 
provide the upper and lower limits to the expander’s 
performance. Process 4-1 (or 4 1 ) is the liquefaction 
stage. This occurs remotely at an air processing plant. 
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Fig. 2: Temperature-entropy diagram for the 

open Rankine cycle. 


The thermodynamic and economic performance of 
the adiabatic and isothermal modes of the open Rankine 
cycle are shown in Table 1 . These figures are based on 
the specifications of a modified Honda CRX for which 
performance data were available. 15 The co^i of 2.6$ per 
kg*LN 2 was derived assuming only the energy cost of 
production. 


Table 1: Performance of the open Rankine cycle. 8 


Process 

Adiabatic 

Isothermal 

Pump Work: 

6 kJ/kg-I.N, 

6 KJ/kg I N, 

Net Work Out: 

194 kJ/kg-L.N 2 

314 kJ/kg-LNi 

Heat Input: 

419 kJ/kg-LN 2 

750 kJ/kg-LN 2 

Energy Density: 

54 W-h/kg-LN 2 

87 W-h/kg LN, 

LN 2 Flow Rated 

1 .5 kg/km 

0.93 kg/km 

Operating Cost:* 

3.9 C/km 

2.4 c/km 


t Based on 7.8 kW for highway cruise at 97 km/h 
t Based on 2 6C per kg-LN 2 production cost. 


Figure 3 shows how a liquid nitrogen based 
propulsion cycle fares against the various 
electrochemical storage media mentioned earlier. 
Specific energy is a useful figure of merit because it 
correlates closely with range, liven the next generation, 
nickel-metal hydride battery, only matches the 
performance of the isothermal open Rankine cycle. 
And the open Rankine is not (he highest performing 
cycle available. By adding a methane lopping cycle, 
upwards of 160 W-hr/kg can be achieved. 
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Fig. 3: Specific energy for various energy storage 

media. 

Comparisons of specific energy provide only a 
parlial view of how a vehicle will he accepted by the 
car-buying public. According to a 1997 J.D. Power and 
Associates survey titled "Electric Vehicles: The 
Consumer Perspective", 16 American drivers cited 
numerous factors they felt were important in 
determining which vehicle to purchase. While these 
included everything from cost to styling, conspicuously 
absent was any reference to environmental impact. Tim 
(iohmann, director of custom research at J.D. Power 
and Associates, put it more succinctly: ‘The true 

success of the EV will be based on Us performance as a 
vehicle, not as an environmental solution." 17 It is 
reasonable to assume the same argument applies to 
cryogenic automobiles. 

Liquid Nitrogen Production and Infrastructure 

Having a liquid nitrogen infrastructure in place is 
crucial for the cryogenic automobile to become a mass- 
market vehicle. Yet that infrastructure will have little 
reason to exist until such a market is established. T his 
chicken-and-egg argument is central to the acceptance 
of a nitrogen powered automobile as a viable 
transportation option. Liquid nitrogen is currently 
produced on large scales for industrial, institutional, 
military, aerospace and medical applications; however, 
n is not distributed widely, as is electricity, gasoline and 
diesel fuel. 

Several options are possible for the distribution of 
liquid nitrogen. These range from the commonplace, 
such as trucking, to the ambitious, such as piping it 
through insulated jackets wrapped around power 
transmission lines. A more obvious solution is to not 
transport it at all. Installing a small-scale liquefaction 
facility at the site of a filling station has many 
advantages, not the least of which being that it can tap 
into the local power grid for its electricity requirements. 
The economics of this concept require further study. 


Large scale liquid nitrogen production has its 
advantages as well, figure 4 illustrates a concept in 
which the nitrogen liquefaction process is driven by a 
natural gas-fired power plant. Rather than operating on 
the ambient air, the liquefaction plant uses the exhaust 
from the gas turbine. In the process of obtaining the 
nitrogen, oxygen (a marketable commodity), is also 
liquefied. Moreover, the carbon dioxide from the 
power cycle combustion process can be condensed from 
the exhaust stream. A modern combined-cycle, gas 
turbine power plant can produce enough energy to 
liquefy up to 70% of its own exhaust most of which is 
nitrogen - while sublimating virtually all of the C(T. 8 
This can then be disposed of in several ways less 
harmful to the environment than simply venting it to the 
atmosphere. 18 17 20 This process raises the possibility of 
creating a liquid nitrogen based transportation 
infrastructure that produces no atmospheric C0 2 
emissions, and is the subject of further study. 



Fig. 4; Proposed nitrogen liquefaction process. 


III. Experimental Facilities 

Wind Tunnel 

The University of Washington’s Cryogenic Energy 
Storage Laboratory is equipped with a low speed wind 
tunnel (0 < < 5 m/s), which has been fitted with a 

20 cm x 50 cm Plexiglas* test section which can 
accommodate a variety of heat exchangers in cross-, 
parallel- or counter-flow arrangements. As shown in 
Eig. 5, the liquid nitrogen is fed into the system from a 
160 liter stainless steel dewar. The LN> is kept under a 
constant 34 bar pressure blanket of nitrogen gas from 
regulated gas bottles. 11 
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Fig. 5: Low-speed wind funnel facility* 

The liquid mitogen is plumbed through the test 
section, where the flow temperature ami pressure are 
measured at both the inlet and the outlet. The exiting 
gas is then throttled down (o atmospheric pressure and 
piped through a liquid watet heat hath. This raises the 
gas temperature to ambient just prior to entering the 
mass flow meter, alter which ii is exhausted through the 
laboratory’s normal ventilation system. 

Data are collected and stored on a computer at a 
sample rate of 30 data points per minute. Also recorded 
arc the tunnel speed, ambient temperature and ambient 
humidity. Frost depth and accumulated mass can also 
be measured. 

Test Vehicle 

A test vehicle has been purchased to serve both as a 
proof-of-eonccpt and as a rolling test bed for further 
system refinements. The vehicle itself is a 1081 
(iruminan Olson Kubvan, pictured in big. 6. To 
emphasize the near term potential of this project, it has 
been christened the LN2000. This model vehicle was 
original! v built for the US Postal Service and could be 
purchased with either a diesel or electric drivetraiu. 
Phis particular vehicle was originally electric, operating 
on a pack of Id lead acid batteries which weighed over 
450 kg. The running gear for this vehicle is horn a 
right-hand drive I9K4 Volkswagen Rabbit. The 
construction is welded frame with riveted body panels 
and is made entirely ol aluminum. 


Fig. 6: 1984 Grtimman-Olson Kubvan, 

I he Kubvan was selected as a test bed for several 
reasons. The volume available is well suited to the 
placement of the necessary equipment. The simplicity 
of its construction - flat shcel-mcta! body panels, 
aluminum frame, open interior - is conducive to making 
modifications. Also, because it was originally designed 
to be eleett tc, it updates with veiy lew "hole)" 
functions such as air conditioning and rear window 
defrosting. 

The Kubvan performance using the prototype LN ? 
propulsion system lias been calculated and is given in 
'Fable 2. This employs an HP A approved Federal Urban 
Driving Schedule. Velocity dependent rolling 
resistance and aerodynamic drag were calculated, 1 1 and 
correlated reasonably well with coast down tests made 
with the vehicle/ 2 

Tabic 2: Performance of the open Knnkinc cycle. 8 


City Highway Straight and 



Avg. Mass Mow (g/s) 81 204 25b 

Max. Mass Flow (g/s) 297 298 256 

Consumption (kg/km) 9.5 10.0 10.8 

Avg. Power (kW) 4.0 10.7 13.0 

Max. Power (kW) 13.0 13.0 13.0 



The equipment layout is shown in Fig. 7. Most of 
the cryogenic plumbing is stainless steel, but the 
components attached to the economizer ate aluminum, 
l ow pressure plumbing utilizes large diameter rubber 
hose where possible. Bach of the items pictured is 
described below. 
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Fig. 7: Schematic of vehicle equipment layout. 


Liquid Nitrogen Storage Tank: flic dcwar chosen for 
this application can hold 80 liters of liquid nitrogen at 
24 bar with a daily boil-off rate of -3%. The primary 
protection against over pressure is a relief valve 
connected to the internal vessel. This valve also serves 
as the bleed fwi the boiloff gases, which are vented to 
the outside by a rubber hose. There are several other 
safely devices, providing multi tiered protection against 
catastrophic rupture. The dewar is held in place at live 
attachment points: one on the roof, the other four on the 
floor. 

Pressurization System: 'Hie pressurization system 

consists of two high pressure nitrogen bottles stored 
under the rear deck of the Kubvan. The blowdown 
system has the advantage of mechanical simplicity at 
the cost of increased weight and volume, hach of the 
nitrogen bottles has a mass of 40 kg. The volume of gas 
required was calculated such that the pressuranl tanks 
and the dcwar get to within 3 bar of equilibrium just as 
the last of the liquid nitrogen is drained out. The 
pressuiant tanks are initially filled to a starling pressure 
of about 133 bar. This is regulated down to the system 
pressure of 24 bar before being injected into the dewar. 
'Hie hardware required for filling both the pressuranl 
bottles and the dewar is attached to the vehicle. 

Economizer: The economizer, which will be described 
in detail in Chapter IV, is actually a pair of shell and 
tube beat exchangers, as shown in Fig. 8. These heat 
exchangers operate in parallel, with the shell-side fluid 
being the exhaust from the expander. When operating 
at maximum mass How, -300 g/s, the economizer is 
designed to bring the liquid nitrogen to a quality of 
about 759L This icprcsenls approximately one quarter 
of the total enthalpy change the nitrogen will experience 
before being injected into (he expander. At lower mass 
Hows, the vaporization will be complete. 


Shell-side Shell-side Shell-side 

. , . •!# '** 



Fig. 8: Economizer units with and without shell. 


Ambient-Air Heat Exchanger: The ambient air heat 
exchanger, as will be detailed in Chapter V, is made up 
of 45 tinned tube elements. These elements are 
manifolded together, as shown in Fig. 9, to make a 
staggered array of tubes in crossflow with the incoming 
air. Either the motion of the vehicle, or the two ducted 
Ians located at the back of the van, draw the air through 
the heat exchanger. The air inlet consists of a sheet- 
metal scoop slung underneath the vehicle. 



Expander: The expander chosen for the prototype 

vehicle is a 11.1 kW, radial piston air motor made by 
Cooper Power 'Fools. This motor, pictured in Fig. 10, 
has a cast iron block with five 7 5 cm cylinders. Hach 
cylinder holds a steel piston attached to the single thiow 
crank shaft by a connecting tod. Lubrication is 
maintained by splash and by an oiler located near the 
gas inlet. The motor is attached to the front -wheel 
drive, 5 speed manual transmission by a custom-made 


() 

American Institute of Aeronautics and Astronautics 




44 


aluminum gear box. The output shaft of the motor 
drives a 15.24 cm diametral pilch (DP) spur gear. The 
input shaft to the clutch assembly has a 7.62 cm. DP 
spur gear, giving n 1:2 speed ratio through the gear box. 
The running gear is from a 1984 Volkswagen Rabbit 
and is right hand drive. 



I ig. HI: Motor and transmission assembly. 


IV. Development of the Kcoiiomi/.cr 

As ot this writing, the economizer lias been built, 
pressure tested and installed in the prototype vehicle. 
Its performance as a heat exchanger lias not yet been 
tested. Described herein is the theoretical modeling, 
design and fabrication of the economizer units. Future 
plans include rigorous road testing to verify the model 
and to identify possible modifications for a second 
generation economizer. 

Design 

The economizer is required to vaporize and, if 
possible, superheat liquid nitrogen at mass flow rates of 
up to 300 g/s. It must not produce excessive pressure 
drop on either the tube- or shell-side fluids. The 
economizer must also he safe in both normal operations 
and during an accident. 

For the design of the economizer, a variant of the 
shell-arid- lube heat exchanger has been employed. The 
tube-side fluid is the incoming liquid nitrogen and the 
shell-side fluid is (he exhaust from the expander. To 
examine the theoretical limitations on the performance 
of the economizer, conservation of energy can be 
applied as shown in Fq. I . 

m is , [lu /;, ) f rii Vl (h, /i, ) % ( I ) 


For steady state operation, , so the tube-side 

outlet conditions can be specified by 

I':, = V +( ;, j -/»i), 0) 


To calculate the maximum theoretical performance, 
assume that the outlet temperature of the shell-side gas 
is equal to the saturation temperature of the tube-side 
fluid (-120 K). If the exhaust pressure and temperature 
of the nitrogen gas is 3 bar, and 270 K respectively, 
then the maximum enthalpy at the tube-side exit of the 
economizer, h mnt , is 140 kJ/kg, corresponding to a 
temperature of 155 K. I bis equates to over 47 kW of 
steady state heat transfer at the maximum mass flow of 
300 g/s, and is 35 K above the saturation temperature of 
the tube-side fluid. T his calculation provides the figure 
of merit for the performance of the economizer, the heat 
transfer effectiveness: 



where h t is -18 kJ/kg and A h nulx is 158 kJ/kg. If more 
than 50% of maximum performance can he attained 
(i.e.: F rton > 0.5), then this should allow the ambient-air 
heat exchanger to be designed for single phase How. 


Constraints: Due to limited space in the vehicle, the 
economizer must necessar ily be of compact design. As 
shown in Fig. 7, the two economizer shells are situated 
in the center of the cargo deck, toward the front of the 
vehicle, l ire installation of a second dewar is planned 
for behind the driver's scat, so the diameters of the two 
slid Is are constrained to be such that they can 
accommodate this addition. Fven though the vehicle is 
of rugged construction and has good weight bearing 
capability, low mass components are installed where 
possible. 

Configuration: A shell and-tube heat exchanger is an 
obvious choice for compact, yet highly effective duty. 
The configuration chosen for the economizer is shown 
in Fig. 8. Though welding is the joining process of 
choice for tube to-manifofd connections in industrial 
scale beat exchangers, 73 the available aluminum tubing 
had a wall thickness of 0.7 mm. This is a difficult size 
to weld, particularly when using aluminum and when 
joining to a considerably more massive manifold. This 
led to the use of compression fittings. Because each 
tube end has to be accessible to a wrench, the fittings 
are widely spaced on the manifold, as shown in Fig. 1 I 
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Fig. 11: Manifold showing hole pattern. 

O tie to this geometric constraint, the tube density 
for straight tubing is lower than optimum. To increase 
the length of lube per fitting, a multiple double-back 
configuration, shown in big. 12, was adopted. Hach 
individual tube doubles back on itself four times 
between the inlet and the outlet, to give five 0.5 in 
lengths. Hach tube has three passes that are in 
counterllow with the shell side fluid and two that are in 
paiallel. To achieve an even greater density, each tube 
was intertwined with its neighbor before installation. 
There are two economizer units, with 16 tubes in each, 
totaling 60 m of 6.35 mm diameter tubing. This gives 
an overall heat transfer area of 1.8 m\ 



Fig. 12; Hconomizer unit showing double-back tube 
configuration. 


Within die shells, the tubes are supported by twelve 
3.2 mm lubber disks, or baffles, also shown in big. 8 
and big. 12. These baffles form a seal with both the 
shell wall and the tubes themselves. Because they have 
How passages cut on alternating sides, the baffles also 
serve to direct the shell-side gas over the tubing in a 
cross -How pattern. 

Materials and Fabrication: The manifolds are 

constructed of aluminum 2024 16 and the tubing is 
aluminum 606I-T6. Aluminum, besides being readily 
available, has the advantages of low density, high 
conductivity, high yield strength at cryogenic 
temperatures, and excellent machinability. All fittings 
are either NPT or compression, and are made of 
aluminum, for comparable thermal expansion. Hach 
shell is constructed of 25.4 mm thick, high density 
polyethylene. The inlet, outlet and relief nipples are 
fused to the main body of the shell. 

Structural Integrity: Hach economizer is secured to 
the deck of the vehicle with two nylon straps wrapped 
around each shell. The shells themselves are pressure 
rated by the manufacturer to 8.5 bar. The shells are also 
equipped with one relief valve each, set at a gauge 
pressure of 4 bar. The aluminum tubing is pressure 
rated by the manufacturer to near 5(H) bar. 

Hach of the four manifolds is designed to withstand 
an internal pressure of 27 bar, at 77 K. Utilizing the 
plate bending correlations of Timoshenko,' 1 and the 
yield strength for low-temperature aluminum given by 
Scott,"' a factor of safety of 6.7 was obtained. 
Modifying this result with the ligament efbciency factor 
given by Harvey for perforated plate stillness," 0 the 
final safely factor for the manilotds is $ 4. 

When the economizer is operating, the shell will be 
pressurized to 3 bar. The manifolds will experience a 
differential pressure of 2 bar acting outward. Because 
of this, the economizers will see tensile foices in die 
axial dilection of up to 6670 N during normal 
operations, and 21,600 N in the event of a catastrophic 
blow by of the valving in the expander. To counter this, 
each economizer manifold is retained in place by 
aluminum brackets bolted together with two 1.9 cm 
threaded rods. 

Modeling 

A model was developed for the performance of the 
economizer, to serve as a design tool. This enabled 
informed decision-making about such geometric 
parameters as tube length, number of passes, number ot 
baffles, etc. Pressure drop was not considered as one of 
the design variables because a blow down system is 
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being used. It lakes no energy and very little additional 
mass to offset pressure drop in the tube-side of the 
economizer. For this reason, pressure drop correlations 
were not included in the model, however, the capability 
to include them at a later dale is built in. 

The unique How arrangement of this heat 
exchanger does not lend itself to analysis by the e-N, u 
method. 27 Therefore, thermodynamic and heal transfer 
performance calculated numerically, using a finite 
differencing scheme. To model the economizer, both 
the shell-side and tube-side variables were discretized, 
according to the scheme shown in Fig. 13. 



The following assumptions were made in the 
modeling of the economizer: 

• Thermodynamic equilibrium between fluid 
phases. 

• Even flow distribution. There are 32 tubes and 
two shells, but only one of each is modeled. 

• Steady-state operation. 

• Fully developed How. 

• Adiabatic shell wall. This is also conservative 
because heat transfer from the air to the shell- 
side fluid will increase performance. 

• Zero radiation. 

• Zero axial conduction. 


Across each element of the economizer, an energy 
balance is performed. That is, 




( 4 ) 


Note that for this element numbering system, the flow is 
left-to-right for passes 1, 3 and 5 and right-to-left for 
passes 2 and 4. For two-phase flow, the heat equation 
can be written 

u a( t ;-v,)=-m, ( 5 ) 

x ' n , 


For single phase flow, enthalpy is a function of 
temperature, which is found using a log-mean 
temperature difference method: 28 
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( 6 ) 

(7) 


where P is the perimeter and L is the element length. 
U is the average overall heat transfer coefficient: 


U - 


0',n k r rn r„h„) 


( 8 ) 


The tube-side fluid is often of ambiguous phase, so 
equations of state for the thermodynamic variables are 
not useful. Instead, a nitrogen properties database is 
used, where the inputs are the pressure and either the 
bulk temperature or enthalpy, depending on the phase. 29 
The external heat transfer coefficient is evaluated using 
the Churchill and Bernstein correlation for cylinders in 
crossflow. 30 The internal heat transfer coefficient for 
single phase flow is evaluated using Gnielinski’s 
formula. 31 For two-phase How, the heat transfer 
coefficient is found via Kandikar’s correlation 32 


Results 

Results found for the design cruise mass flow of 
60 g/s are given in Fig. 14. The shell-side temperature, 
as well as the tube-side quality as a function of the non- 
dimensional span arc shown. The specific enthalpy at 
the economizer outlet is 92.3 kJ/kg, giving a heat 
transfer effectiveness of £, ttm - 0.72. 
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Fig. 14: Quality and temperature profiles through 
the economizer. 
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The thermodynamic performance, e, of the 
economizer is inversely dependent on the mass flow. 
To examine why this occurs, note that for this heat 
exchanger, the shell-side resistance to heat transfer 
dominates. That is, for any element 


Ah 


Q _ T s~ T , 

mR l0, 
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= h A 
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T -T 
s t 

til 


(9) 


The external heat transfer coefficient scales as m 06 , so 


■ 0.6 


Ah, 


( 10 ) 


This behavior is displayed by the solid line in Fig. 
15. This shows the decreasing value of e fton , along with 
the resulting increase in the exit temperature of the 
shell-side fluid vs. mass flow. The variability in the 
curve is an artifact of the finite convergence criterion 
used in the heat transfer simulations and does not reflect 
any physical phenomena. 
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Fig. 15; Economizer effectiveness vs. mass flow. 

The calculated performance of the economizer 
meets the original criteria of e econ > 0.5 for the majority 
of its operational envelope, but falls short of the 
requirement at high mass flows, which will typically 
occur only in transient bursts. Thermal transients for 
sub-ambient heat exchangers generally work in favor of 
performance, so a partial offset of this decrease in 
effectiveness is expected. To determine whether ihis is 
true requires extensive road testing, which was not 
possible as of this writing because construction on die 
test-bed vehicle was still in progress. 


V. Ambient-Air Heat Exchanger 
Development 

The goal of this research is to design a heat 
exchanger that can operate in a variety of environmental 
conditions and is structurally robust, while not being 
hampered by the build-up of frost. Many approaches 
have been examined, 14 but in general, strategies for 
dealing with frost formation fall into two categories: 
passive and active control. 

Passive control involves either preventing frost 
formation, or oversizing the heat exchanger such that 
frost build-up is unimportant on lime-scales 
characteristic of automotive travel. The advantages of 
passive control are mechanical simplicity and 
reliability. One disadvantage is that passive systems 
are, in general, less flexible in dealing with off-design 
operation. 

Active control of frost formation entails allowing 
frost to accrete, and then removing it either thermally or 
mechanically. The advantage of active systems is that 
they are move operationally robust. Performance of an 
actively controlled heat exchanger is much less 
dependent on the ambient or operational conditions 
since these systems can be responsive to different frost 
loading conditions. Disadvantages include the power 
consumption and poor long-term reliability. 

Both options have been examined closely. Of the 
two, the passive control heat exchanger was chosen for 
the LN20Q0 as the best possible solution to the issue of 
frost formation. As of this writing, the ambient air heat 
exchanger has been built and pressure tested. The 
results presented in this chapter are calculated and have 
not yet been experimentally verified. Described herein 
is the theoretical modeling, design, and fabrication of 
the ambient-air heat exchanger. Future plans include 
rigorous testing to verify the calculations and identify 
possible modifications for a second-generation heat 
exchanger. 

Design 

The operating environment of a typical automobile 
can be a demanding one. There are weather conditions 
such as rain, snow, or extreme heat to contend with. 
There arc driving conditions such as rough pavement, 
gravel roads, potholes and speed-bumps, and there are 
situations such as stop-and-go traffic, long-distance 
highway travel, and cold-starts. Finally, automobiles 
have to meet rigorous safety, comfort, and reliability 
standards if they arc to compete in today’s marketplace. 
A heat exchanger for automotive application has to 
successfully meet all of these requirements. 
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Constraints: Along with meeting the necessary design 
requirements, the automotive heat exchanger has to also 
lit within constrained volume and mass envelopes. The 
LN2000 has a space in hack, under the cargo deck, 
which provides a large volume and allows easy ducting 
of ambient air from beneath the vehicle. Furthermore, 
because the heat exchanger can be hung directly from 
the deck, structural modifications arc minimal. The 
available space constrains the heat exchanger to 
dimensions of no more than 78 cm x 53 cm x 38 cm. 
The mass constraint is less well defined, hut it does 
stand to reason that in an 1100 kg automobile with an 
1 1 kW motor, less mass is better. 

Configuration: To prevent frost buildup on 

subambient heat exchangers, the exterior surfaces must 
be kept above the fi cozing point of water. A method for 
achieving this is shown in Fig. 16. Hie principle is the 
same as for multi fluid heat exchange systems, where 
heat is liansfeued bom source to sink via a number of 
media operating m scries. In this concept, that series of 
media is simply the nitrogen gas at different stages of its 
ther trial history. 




Figure 16 shows only three passes, but it is possible 
to use as few as two, or as many as can be fit within the 
outermost tube. Two concentric tubes, operating within 
a bundle in a shell and -tube heat exchanger, ate known 
as bayonets. These have been used for years to 
eliminated stresses due to differential thermal expansion 
between the shell and its tube bundle. u More recently, 
a 1995 patent for a frost- tolerant heat exchanger 
described much the same idea as that presented here, 
but using only two concentric tubes in a variety of 
con figurations.' 4 

I he choice nl liuce passes was based on two 
practical considerations. The first is that using an odd 
number of internal passages allows the inlet and outlet 


to he at opposite ends of the clement, greatly 
simplifying the manifolding. The second is that going 
to more internal passages such as five or seven can 
present problems with fabrication, cost and mass. This 
has to be weighed against the fact that more passes 
increase the robustness of (lie system. Robustness 
insures that frost-free performance can be maintained in 
lower- temperature environments. 

An example of the behavior of the gas as it passes 
through the heat exchanger element is given in Fig. 17. 
The black arrows represent heat transfer: from (he 
ambient air to the wall, from the wall to the nitrogen 
and from each pass to the previous one. The exterior 
wall temperature is dependent on the heat transfer 
coefficient and fluid temperature in the outermost 
passage only. 



0 0 ?5 O S 0 75 1 

x/L 

Fig. 17: Temperature profile of frost-free heat 
exchanger element. 

Passive heat exchangers are more tightly coupled to 
environmental and operating conditions. In the case of 
this particular concept, when the outside temperature is 
lower than the freezing point of water, frost will form. 
In fact, frost will form even when the ambient 
temperature is above the freezing point of water, // the 
temperature difference from the air to the wall is too 
large. 

This docs not, however, mean that the heat 
exchanger has been rendered ineffective. Figure 18 
shows the absolute humidity (kg water/kg air expressed 
as a percentage) in the atmosphere versus the ambient 
temperature on a day in which the relative humidity is 
100%. Ibis corresponds to the worst case frost 
formation scenario. It is evident that humidity is a very 
strong function of temperature. So much so that on cold 
days, though frost may form, there will be much less to 
inhibit heat transfer than when under mote normal 
driving conditions. The threshold between frosting and 
non hosting conditions will be examined later in this 
section. 
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Fig. 18; Absolute humidity vs. tempera <u re. 


A mine detailed view of (he heat exchanger 
element is shown in big. 19. There are several notable 
aspects of (he three pass heat exchanger element which 
bear pointing out The first is the use of a spring as a 
heat transfer augmentation device. The spring wire 
diameter is such that it very nearly occupies the entire 
space between the nested tubes. This provides a helical 
path along which the fluid can How. This helical path 
creates a centripetal acceleration which enhances heat 
transfer''* It also produces a 'Tin" effect which provides 
a conduction path between (he bulk fluid and the wall. 28 
Finally, the springs provide a structural load path 
between the thin, inner lubes and the rigid outer one 



Fig. 19: Design aspects of the three-pass heat 

exchanger element. 

Another innovation is the inlet insulator This 
nylon plug provides a barrier to conduction between the 
cold inlet line and the outside wall. Without the 
insulator, heat would pass through the inlet compression 
filling to such an extent that conduction would 
undermine the careful design of the convective heat 
How pattern. The insulator also gives a natural 
attachment point tor the inner tube structure, which 
otherwise would slide longitudinally within the external 
lube. 

The final innovation in the three pass heat 
exchanger element is the relative diameters of the tubes 
themselves. These particular diameters were chosen 
specifically to provide the temperature profile required 


to keep the outside wall above the free /dug point of 
water. 

As shown in big. 20, the ambient-air heat 
exchanger assembly consists of 45 elements, having a 
mass o! approximately 109 kg. Thirty nine of these 
elements form the primary heat exchanger and operate 
in parallel. Six of the elements are super heaters, also 
acting in paiallci ’together, die primaiy and 
superheater sections of the beat exchanger operate in 
senes. The superheaters are 51 cm sections of the 
finned tube without the internal ducting. These are 
ml ended to add a supeiheal beyond the bulk exit 
temperature of the 39 primary elements. 'This is 
because with the triple pass concept, (he exit 
temperature of each element is depressed below what is 
possible. As big. 17 shows, the temperature of the 
exiting gas drops from its peak value because of the 
heat transfer to the second passage. The superheater is 
added to regain some of that thermal energy. An 
additional advantage of the superheater is that it also 
provides a partial deiuunidificnlion of the incoming air 
before it reaches the colder, primary elements. 



Si pat leafier 
dtynanfcs 


Fig. 20: Ambient-air heal exchanger flow pattern. 

The air How is channeled from under the vehicle 
and through the heat exchanger by a sheet metal intake. 
The air is propelled both by the motion of die van and 
by (wo adjustable speed 0 100 W ducted fans hung 
from the rear of the vehicle, ban power for this test 
vehicle is provided by the main 12 VDC battery. 

Materials and Fabrication: One of the most common 
techniques to increase heat transfer to tubes in crossflow' 
is to apply extended surfaces, or fins. The outer tubing 
chosen was 25.4 mm OD copper tubing with a 12.7 mm 
integral helical fin w rapped at 275 ft ns/m. batch lube is 
61 cm long with a finned length of 51 cm and has a 
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mass of 1 .6 kg. This choice drove the design of the rest 
of the element. 

For performance reasons, the internal tubes were 
chosen primarily for their diameters - 17.5 mm and 

20.6 mm - though wall thickness was also a factor. The 
internal tubing does not need to support a large pressure 
difference, so weight and fabrication issues drive the 
choice of wall thickness. This made them thin: 
0.36 mm for the innermost tube and 0.81 nun for the 
second tube. Brass is the material of choice because of 
its ease of brazing and low cost. The two inner tubes 
are joined at their bases by a bronze boss, shown in Fig. 
19. The joining was accomplished via a silver-solder 
brazing process. 

The innermost tube is perforated at its base to allow 
the nitrogen to pass unimpeded into the second tube. 
This inner-tube structure is held in place with respect to 
the outer tube by a dowel pin set through both the 
innermost tube and the inlet insulator. All of the fittings 
are brass and are of the compression type. The springs 
were made of 0.74 mm mild steel wire. 

The heat exchanger elements are attached to the 
manifolding with brass compression fittings. This was 
chosen to allow disassembly for repair. Each fitting has 
a mass of 0.34 kg, thus contributing a total mass of 

30.6 kg. 

The manifolding is constructed of 12.7 mm, 
19.0 mm and 25.4 mm welded 304 stainless steel 
tubing. All the manifold fittings are of the compression 
type and are made of 316 stainless steel. 

Structural Integrity: All of the manifold and finned 
tubing maintains at least a factor of safety of 2.5 at the 
system’s operating pressure. The internal brass tubes, 
which see very little pressure differential, need not be 
designed for high pressure service. The weight of the 
heat exchanger assembly is supported by two plates 
which are bolted to the floor of the vehicle. Each of the 
heat exchanger’s seven "racks” arc hung from their inlet 
and outlet manifolds, which are clamped to the two 
plates. The racks transmit very little load through their 
pressure fittings into inlet and outlet headers. 

Modeling 

A model has been developed to simulate the heat 
transfer characteristics of the three-pass element. This 
has been an instrumental design tool for quickly 
evaluating changes in geometry and operating 
environments. For the sake of simplicity, many of the 
same assumptions have been made about the heat 
exchanger as were made about the economizer. 
Namely: 


• Steady-stale operation. Again, this is 
conservative since the thermal transients 
associated with startup improve performance. 

• Even flow distribution between and within heat 
exchanger elements. 

• Zero axial conduction. 

• Zero radiation. 

• Adiabatic corners. 

• Radial symmetry. 

• Single phase (gaseous), fully developed flow. 

• Constant average heat transfer coefficients for 
each pass. 

These assumptions allow the multi-pass heat 
exchanger to be modeled as is shown in Fig. 21. In this 
schematic, n is the non-dimensional span variable, 
defined as by x/L and Q c is the heat transfer due to 
water condensation on the outside surface of the heat 
exchanger. 



Fig. 21: Model of ambient-air heat exchanger 
element. 


Applying the first law of thermodynamics to the 
differential element dx\ t the governing equations can be 
derived for the third, second and first passes, as shown 
in Eqs. 1 1-13: 

-JQ C +mc p <n\ = Ppjz - r> - P t u a (T t -T t }U (II) 
-nC'dT, = P t U u (7, P x U :l (T, - T x \lx ( 1 2) 

= p x u u (T 2 -T x yix ( 13 ) 
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where P, is the perimeter of the /lh tube and U is the 
overall heat transfer coefficient between tubes i and M. 


The governing equations can be nondimensional- 
ized via the following definitions; 




1l 
T a ’ 



t.si (14-16) 


K = F ' LU 21 
1 me* 


K (i7-i9) 

mc„ /nc„ 


(9 t is calculated, assuming constant flux b\ by 

Q c = j F/> = FP 3 x = L n (20) 

o 


which can be nondimensionalized by 


element-wise evaluation of the heat transler 
coefficients, followed by a pass-by-pass averaging, must 
be performed to obtain the K matrix. 

For the innermost passage, the flow correlation 
used was that given by Petukhov. 28,36 The annular heat 
transfer coefficients for the concave and convex walls 
were interpolated from the data given by Kays and 
Perkins. 37 The heat transfer augmentation factors 
provided by the spring inserts were calculated from the 
correlations of Kamath and Rao. 38 The external heat 
transfer coefficient was calculated using the equation of 
Churchill and Bernstein, modified with a fin efficiency 

2 k in 

parameter. 

This algorithm can be wrapped in another iterative 
loop which calculates the performance of the entire heat 
exchanger assembly, including the superheater elements 
(which require another solution algorithm altogether). 


*4 = 


FPyL 

tnc p T u 


( 21 ) 


Substituting into the original equation, and writing in 
matrix notation, gives 


A 

dn 

th] 

l Jll 

ch\ 


K, 

K, 

0 

T .) 

0 1 

K, 

K t + K> 

~K, 

T, r 

° 

0 

K, 


Ul 

\K, + K. 


( 22 ) 


The three boundary conditions for this problem arc 



(23) 

T J (I) = T,(1) 

(24) 

Tj(<» = T 2 (0) 

(25) 


The behavior of this heat exchanger is determined 
entirely by the inlet temperature and the four 
nondimensionai heat transfer coefficients, K iy K 2t Kj 
and K 4 . These provide a convenient parameter against 
which the performance can be optimized to get above 
freezing wall temperatures. The /f, values are 
themselves complicated functions of the geometry and 
heat transfer coefficients, but they provide targets 
toward which the system design can be adjusted. 

Unlike for the economizer, a closed-form solution 
for the thermodynamic performance of the heal 
exchanger has been developed. The heat transler 
coefficients, however, are strongly dependent on such 
variables as the density and the temperature, which vary 
considerably from inlet to outlet. Therefore, an 


Results 

To verify the model of the three-pass heat 
exchanger element, an experiment was conducted in the 
wind-tunnel using the first fabricated element. The 
results, shown by the two circles in Fig. 22, are for a 
nitrogen mass flow of 1.78 g/s, an inlet temperature of 
143 K, an ambient temperature of 297 K, an ambient 
humidity of 40% and an air speed of 5.1 m/s. The 
model underpredicts the exit temperature of the element 
by 6.1% and underpredicts the change in temperature 
(T 2 - 77) by 14.2%. 

This discrepancy may be due to the fact that for this 
simulation, the humidity was set to zero. This is despite 
the fact that enough moisture was condensed out of the 
air to form a puddle at the bottom of the wind tunnel 
after only 30 minutes of operation.. This reason this 
feature was not employed was because the solution 
would not converge if a non-zero humidity was entered. 
The model approximates the saturation pressure of 
water in the atmosphere with an exponential function of 
temperature. Because of the sensitivity of this function, 
the numerical iteration scheme would oiten become 
divergent after only two steps. For future work, it is 
recommended that more robust iteration procedures, 
such as Ncwton-Raphson or dynamic relaxation be 
used. 39 

During the experiment, frost formed over the first 
6 cm of the inlet side of the element. As stated before, 
axial conduction is not modeled, so whether the 
formation of frost is due to convection from the flowing 
nitrogen, or conduction through the nylon plug and into 
the inlet fitting, is not known at this time. 
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Fig. 22: Prediction of temperature profile for 
ambient-air heat exchanger element. 

To predict the performance of the vehicle at cruise, 
this model was incorporated into an overall heat 
exchanger simulation. The results from the simulation 
of the economizer, for a mass flow of 60 g/s, can be 
used to establish the inlet conditions of the heat 
exchanger assembly. The ambient temperature is 
assumed to be 293 K, the air velocity is 5.1 m/s, and 
condensation is not considered. The results of this 
simulation arc given in Fig. 23. The calculated exit 
temperature of the superheater (and therefore of the 
entire heat exchanger) is 269 K for an inlet temperature 
of 126 K. The air-side exit temperature is 285 K, 
giving a temperature change of 8 K. 



0 01 02 03 04 

Depth through heat exchanger (m) 

Fig. 23: Temperature through ambient-air heat 
exchanger at cruise. 

At higher mass Hows, calculated performance 
begins to decrease. Figure 24 shows both the air-side 
and tube-side exit temperature of the ambient-air heat 
exchanger as a function of nitrogen mass flow. This 
assumes a constant inlet temperature of 126 K, a wind 
speed of 5.1 m/s and an ambient temperature of 293 K. 
Clearly, thermal performance degrades with increasing 
mass flow. Moreover, the air-side exit temperature 
drops below the freezing point of water, guaranteeing at 
least some frost formation. 


Setting a constant inlet temperature for increasing 
mass flow provides an apples-to-apples comparison, but 
is somewhat artificial. Because the heat exchanger 
model does not account for two-phase flow, an inlet 
temperature slightly higher than saturation must be 
employed (i,e. f 126 K at 34 bar). However, as was 
shown in Fig. 15, the lube-side exit temperature of the 
economizer decreases with increasing mass flow. 
Above about 100 g/s, the exiting fluid is saturated. 
Therefore, an overall heal exchange system simulation 
would predict results lower still that those shown in 
Fig. 24. 



Ma&s Row (c^s) 


Fig. 24: Ambient-air heat exchanger outlet 

temperature vs. mass flow. 

To examine the sensitivity of performance to 
changes in air speed, net power output (shaft power 
minus fan power) vs. fan air speed is shown in Fig 25. 
This assumes that the motion of the vehicle does not 
induce air flow, as would be the case for low-speed 
acceleration. Clearly, there is an optimal fan air speed 
for different mass flow rates of nitrogen. This goes up 
as the mass flow of nitrogen increases. Higher air speed 
also improves the resistance to frost formation by 
decreasing the air-side temperature drop through the 
heat exchanger. While increasing the fan-air speed does 
ensure peak power output for a given mass flow regime, 
it also reduces the specific power, lowering the overall 
efficiency. It is recommended that a feedback control 
system for the fan motors be incorporated into future 
designs to optimize performance. 
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Fan air speed (m/s) 

Fig. 25: Net power output vs. fan air speed. 

This type of heat exchange system operates most 
efficiently, and with the least frost-formation, at mass 
Hows corresponding to cruise conditions. For a 
cryogenic automobile with a hybrid-electric drivctrain, 
that is exactly what is required. A hybrid-electric 
design would allow the heat exchange system to run 
steady-state, while a battery pack or other energy 
storage device provided load leveling. It is therefore 
recommended that future designers evaluate the 
drivetrain selection with an eye toward the thermal 
performance of the vaporization system. 

VI. Conclusions 

The cryogenic automobile is a potential contender 
in the ZEV market, provided certain key technologies 
are demonstrated. One of these technologies is the 
development of an all-weather heat exchange system. A 
heat exchanger that works well in a variety of operating 
conditions, is structurally robust, and is not hampered 
by the buildup of frost is a necessary technology for the 
cryogenic automobile. This paper describes the design 
and fabrication of such a system. Although experiments 
have yet to be conducted to determine the actual 
performance, numerical predictions have been given. 

The first stage of the heat exchange system is the 
economizer, which is a shell-and-tube heat exchanger 
that uses the exhaust gas from the expander to preheat 
the incoming liquid nitrogen. Performance simulations 
indicate that the design presented here is adequate for 
the calculated cruise mass flow. At higher mass flows, 
however, performance degrades to the point that 
complete vaporization of the nitrogen is not possible. 
The shell-and-tube configuration of the economizer 
appears to be adequate for the immediate application, 
but it is recommended that for future designs the lube 
density be increased. 


The second stage of the heat exchange system is the 
ambient-air heat exchanger. The elements of this unit 
employ a triple-pass configuration to maintain the 
external wall temperature above the freezing point of 
water. Simulations show that, like the economizer, 
performance is adequate at cruise conditions, but 
degrades with increasing mass How Unlike for the 
economizer, this can be (at least partially) offset by 
increasing the fan power and therefore the air velocity 
and mass How through the heat exchanger core. This 
not only increases the heat transfer to the nitrogen but 
also diminishes the likelihood of frost formation by 
minimizing the air-side temperature drop. It is 
recommended that an automatic fan-speed control 
system be incorporated into future designs. 

The ambient-air heat exchanger is currently too 
heavy to satisfy modern automotive design constraints. 
This design would be improved with the use of 
aluminum finned tubes rather than copper. Similarly, 
because the internal ducts see very little pressure 
differential, these could be made of plastic instead of 
brass. The compression fittings also carry a significant 
weight penalty, so welded or brazed joints would be 
preferable. 

Two recommendations for future modeling efforts 
are to include condensation of ambient humidity and to 
incorporate transient analysis. Including condensation 
is a matter of utilizing a more robust iteration scheme. 
The incorporation of transient analysis entails adding 
another layer to the nested iteration algorithm. 

finally, the numerical simulation of the heat 
exchange system has allowed insight into its behavior 
and has provided a useful design tool. But, until road- 
test experiments are conducted, the actual thermal 
performance will not be known with enough accuracy to 
support an overall recommendation for the hnai heat 
exchange system design. 
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ABSTRACT 

An automotive propulsion concept is presented which 
utilizes liquid nitrogen as the working fluid for an open 
Rankine cycle. Ambient heat exchangers are used to power 
an engine that is configured to maximize heat transfer during 
the expansion stroke. If sufficient heat input during the 
expansion process can be realized then this cryogenic 
propulsive system would provide greater automotive ranges 
and lower operating costs than those of electric vehicles 
currently being considered for mass production. The 
feasibility of meeting this engineering challenge has been 
evaluated and several means of achieving quasi-isothermal 
expansion are discussed. 

INTRODUCTION 

The potential of cryogenic energy storage for 
automotive propulsion has been under investigation at the 
University of Washington as an alternative to electrochemical 
batteries for zero-emission vehicles (ZEV). It is anticipated 
that the use of an inert cryogen, such as liquid nitrogen (LN 2 ), 
as an energy storage medium would not pose any 
environmental burden, and in particular would avoid the 
issues of heavy metals pollution associated with lead-acid 
batteries. Another potential advantage over electro chemical 
batteries is that the installation of a cryogen distribution 
system could be realized by straight-forward modifications to 
the existing petroleum retail stations. Several means of 
utilizing the thermal energy potential of cryogens have been 
examined and their performance capabilities are presented. 

The basic idea of the LN 2 propulsion system is to 
utilize the atmosphere as a heat source to vaporize and 
superheat the cryogenic fluid for use in a thermal power 
cycle. This is in contrast with typical heal engines which 
utilize an energy source at temperature significantly above 
ambient and use the atmosphere as a heat sink. In both cases 
the efficiency of conversion of thermal energy of the source 
to work (VT) is limited by the Carnot efficiency, \\ = W/Q h = I 
T ( IT h , where Q h is heat input, T { is the sink temperature, and 


T h is the temperature of the heat source. The ideal thermal 
efficiency is impressively high (74%) for a heat engine 
operating on the temperature difference between ambient (7'/, 
= 300 K) and LN 2 stored at atmospheric pressure (T t = 77 K). 
flie ideal work recoverable from an expansion engine as LN 2 
is evaporated and brought up to ambient temperature is given 
by the difference in thermodynamic availability between 
liquid and ambient states. This “reversible work” is 
W r = 769 kJ/kg-LN 2 which is significantly higher than the 
180-300 kJ/kg achieved with lead-acid batteries, thus only 
40% of the reversible work needs to be recovered to provide 
the LN 2 -propelled vehicle with a driving range commensurate 
with that of advanced battery-powered vehicles of 
comparable weight. Tire key issues are the ability to design a 
practical energy conversion system that can take advantage of 
this high thermal efficiency and the available energy of the 
cryogen while still being cost competitive with conventional 
electric vehicles. 

BACKGROUND 

Prior work conducted at the University of Washington 
has indicated that significant gains in the overall energy 
efficiency of an ambient heated LN 2 propulsion system would 

result if an effective isothermal engine could be developed. 1 
Figure 1 shows the specific work plotted as a function of peak 
cycle pressure, with peak temperature as a parameter, for 
ideal adiabatic and isothermal expanders (LN 2 pump 
efficiency of 80% is assumed). The cut-off point for LN 2 
injection is adjusted so that the final pressure is always 
0.11 MPa. For the range of injection pressures shown the 
isothermal work increases monotonically with increasing 
pressure, whereas the adiabatic cycle is only weakly 
dependent on peak cycle pressure above 4 MPa. The 
inclusion of pump work results in a specific work maximum 
for both expansion processes, even though it is not evident in 
the isothermal work plotted here. It is apparent that the need 
to efficiently use LN 2 dictates that the expander operate at as 
high a pressure as mechanically feasible and that heat transfer 
be maximized during the expansion process. 



expansions were invoked to utilize the cryogcn fuel as 
efficiently as possible. 



Fig. 1 Specific work output for ideal isothermal and 
adiabatic expansion processes. 


REVIEW OF PATENTS The potential for using 
liquefied air and LN 2 for vehicle propulsion has been 
disclosed in several patents issued since the early seventies. 
Boese and Hencey [1972] proposed a hybrid system in which 
the cryogen was pressurized and ambient heated to drive a gas 
motor which turned an alternator, the output from which is 
used to power an electric motor whose efficiency is enhanced 
with LN 2 circulation. 2 A second patent was issued to Boese 
in 1981 for a LN 2 system that scavenged heat from the 
passenger compartment for air conditioning in conjunction 
with ambient heat exchangers and expelled the pressurized 
gas through a rotary vane type turbine. 3 The suggestion of a 
"master expander coil", i.e., a gas receiver, was also 
introduced for this system. Manning and Schneider [1974] 
patented a direct drive system utilizing multiple expansions 
with intermediate reheats followed by a final stage of gaseous 
recompression and subsequent heating prior to expansion 
(Brayton cycle). 4 They even went so far as to propose a 
regenerative device which alternatively routed cold N 2 
exhaust and warn) ambient air through a volume which 
contained many tension wires connected to a piston that 
contracted and relaxed under the thermal cycling to extract 
the last bit of available energy from the working fluid. 

The implementation of LN 2 fueled vehicles by fleets, 
metropolitan buses, and even golf courses is discussed by 
West et al. [1976] in their patent which focuses on the details 
of a double acting piston expander to efficiently use the 
working fluid. 5 Oxley [19801 suggests the liquefaction and 
separation of air as a means of load-leveling for conventional 
power plants 6 The oxygen can be used to enhance the 
efficiency of fuel combustion and the liquefied gases can be 
boiled by circulating them around the low temperature end of 
a Stirling engine using helium as a working fluid. In all of the 
works mentioned above the expansion processes were 
considered to be adiabatic and reheats with multiple 


In a patent issued to Latter et al. in 1982, a system was 
designed to improve the mileage from conventional fuels 
(diesel, LNG, etc.) by operating a Rankine cycle which 
converted as much work as practical from an ambient-heated 
cryogen working fluid (LN 2 ), utilizing a series of reheats 
before topping the cycle with heat addition from a 
combustor. 7 A variation of this scheme was to use liquid air 
first as the working fluid of the Rankine cycle before injecting 
it with additional fuel into an internal combustion engine. 
Combining ambient and combustion heat in these systems 
enabled the range of the vehicle to be increased by 50% over 
that of using each fuel source separately. Scavenging heat 
from engine friction and vehicle braking was also proposed. 

Even though many researchers have investigated the 
energy storage potential of cryogens and have developed 
several means for converting it to useful work, they 
apparently did not consider the potential for achieving 
isothermal expansion with a “cold” engine to be very 
promising. While this poses a non-trivial engineering 
challenge for high pressure expanders, a significant potential 
exists because the engine is operating in an environment that 
is at the peak temperature of the thermal cycle. Thus a study 
of the possibility of developing a quasi-isothermal expansion 
engine has been initiated and the current results are presented 
in this paper. The modifier “quasi” has been added to 
acknowledge that finite temperature differences and heat 
transfer rates will ultimately limit the performance of such an 
engine. 

LIQUID NITROGEN PROPULSION SYSTEM 

A schematic of the proposed LN 2 propulsion system is 
shown in Fig. 2. The cryogen “fuel” is stored in a vacuum 
jacketed vessel which would have appropriate rebel features 
to safely accommodate boil off. A cryopump would 
pressurize the fluid to the supercritical operating pressure of 
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Fig. 2 Schematic of liquid nitrogen propulsion system. 
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the system and a carefully designed heat exchanger will 
enable the working fluid to be wanned to near ambient 
temperature without suffering a detrimental build-up of frost. 
The gaseous N 2 Tills a receiver which minimizes pressure 
surges in the system due to changing power demands. 
Variable timed valves provide controllable cut-off to release 
N 2 gas into the expander as needed. More details of these 

components can be found in the cited references. 8,9 

A “warmanl” fluid is circulated through the expander 
walls to maintain them at near ambient temperature (Fig. 2). 
The warmant must be pumped through another heat 
exchanger system (a conventional radiator would suffice) to 
efficiently conduci ambient heal into the engine. A quasi- 
isothermal reciprocating expander is proposed for this 
embodiment and its work output is transmitted to the wheels 
by means of a conventional transmission. Since (he exhaust 
N 2 is near ambient temperature it is prudent to use it to 
preheat the pressurized LN 2 in an economizer to minimize 
contact of cold cryogen lines with ambient air. 

THEORETICAL ANALYSIS OF EXPANDER 

The thermodynamic simulation of a reciprocating 
expander has been developed to examine the impact of 
various engine design and operational parameters on the LN 2 
consumption of an ambient powered cryomobile. A 
theoretical model for heal transfer was used in this analysis to 
determine the effects of injection pressure and temperature on 
die work output of the expander as a function of bore, stroke, 
and engine RPM. l0 The simulation procedure was generalized 
to enable the examination of a wide range of piston-cylinder 
head configurations. The warmant How rate and ambient heat 
exchanger size were determined for the most promising 
configuration studied here. The details of the simulation 
methodology are discussed in this section. 

RECIPROCATING ENGINE MODEL A one-zone, 
time-dependent analysis is applied on the control volume 
bounded by the piston and cylinder walls shown in Fig. 3. 
The cylinder contents are assumed to have uniform properties 
and be governed by the ideal gas equation of state. The heal 
transfer to the gas is coupled with the expansion process once 
the cut-off point is reached and ceases when the piston 
reaches bottom-dead-center (BDC). The surface temperature 
of all internal surfaces is assumed to be constant. The work 
output is then determined from the pressure-volume indicator 
diagram. 

The instantaneous state of the N2 gas in the control 
volume is determined from energy conservation and the ideal 
gas equation of stale. The energy equation for the cylinder 
contents is expressed as: 

dP/dB - (y- 1 ) / V {d{?/d0 - yf (y-l) P dWdO + 

dw/df h t - AmJAt h c } (Eq. 1 ) 



Fig. 3 Control volume for expander analysis. 


where P is pressure, 0 is crank angle, y is specific heat ratio, V 7 
is volume, Q is heat transfer, dm/d/ is mass flow rate, h is 
enthalpy and the subscripts i and e refer to injection and 
exhaust gas properties, respectively. The cylinder volume is 
obtained from the standard slider-crank relationship as 
follows: 

V = V h + y c + n <? S / 8 ( 1 - cosO + R-(R 2 - sm 2 0) 1/2 ) (Eq. 2) 

where d is the cylinder diameter, S is the length of stroke, and 
R is the ratio of connecting rod to crank radius. The clearance 
volume V c is a measure of the minimum gap between piston 
and cylinder head; whereas the head volume V fl accounts for 
all the volume inside die expansion chamber that is not 
occluded by the piston when it is at top-dead-center if V c = 0. 
The expression for dVYdG is found by differentiating Eq. 2. 

PISTON-CYLINDER HEAT TRANSFER In order 
to evaluate the trade off between bore, stroke, and revolution 
rate of a practical reciprocating expander, a means for 
estimating the heat transfer rate to the N 2 during the 
expansion process is required. Much of the piston-cylinder 
heal transfer research in the open literature has been directed 
to examining heat losses in fired engines and the resulting 
empirical correlations for average heat transfer coefficient are 
affected by radiative heat transfer. “Motoring” studies which 
determine the heat losses from an engine without combustion 
are closer to the desired situation and provide experimental 
data to validate the proposed heat transfer model. For 
purposes of this study the heat transfer from the cylinder 
walls is assumed to be similar to turbulent heating of gas in a 
tube as follows: 

Nitj-Re/PP' (Eq. 3) 

where Nu is the Nussclt number, Re is Reynold’s number, and 
Pr is Prandll number. The m exponent is typically assumed to 
be 0 8 for fully developed turbulent flow and n = 0.3 or 0.4 
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lor cooling or healing, respectively. The functional 
dependences on temperature for the N 2 thermal conductivity k 
and viscosity |i in the temperature range of 200 - 300 K. were 
determined from examination of thermodynamic data tables 
to be; k ~ 'f° 85 and p ~ T 076 , respectively. 

Assuming that the gas velocity is proportional to the 
average piston speed U p results in the heat transfer coefficient 
h x having the following dependence on engine parameters: 

A, = (0.1 129) d 0 2 P 0 8 Uf* T 0 594 (Eq. 4) 

where the constant was determined for SI units by matching 
the heat transfer coefficient to an experimental data point 
found in Ref 11. The effects of piston stroke S and engine 
revolution rate N are incorporated in the average piston 
speed. This approach is not meant to rigorously quantify the 
heal transfer but rather to enable a reasonable investigation of 
the performance capabilities of various engine configurations. 

The rale of heat input to the gas is the determined by 
assuming that h x applies to all surfaces in the expansion 
chamber and that the wall temperature T u , is uniform and 
constant throughout the cycle. The corresponding heat 
transfer is: 

d(?/d/ = h x A h> (T h , - 7) (Eq. 5) 

The total surface area exposed to heat transfer, /t vv , at any 
crank angle is determined from: 

A n . = A r + A,, + A c + ndS/2(]- cos© + R - (R 2 - sin 2 0) ,/2 ) 

(Eq. 6) 

where A f , is area of piston face, is internal area of head 
volume, and A c is surface area of clearance volume that is 
always exposed. 

PISTON RING FRICTION The lost work due to 
piston ring friction is accounted for since it is expected to be 
highly dependent on the cylinder aspect ratio. The gas 
pressure is assumed to expand the rings against the cylinder 
walls and a constant value for the sliding friction coefficient 
(p r ) corresponding to the “equivalent coefficient of friction 

under non-hydrodynamic conditions" is used. 12 Thus the 
differential element of friction work b\Vj for the compression 
ring can be expressed as: 

5W f =[i r Pndt r dS (Eq. 7) 

where t r is the ring thickness and 55 is fraction of piston 
stroke through which this force acts. This expression is 
integrated over a complete engine cycle to account for the 
work lost to friction, which is then subtracted from the net 
cycle work. This energy is primarily dissipated into the 
cylinder walls and piston rings; however, its influence on the 
heat transfer is ignored at this time. 


WARMANT CIRCULATION SYSTEM The 

warmant fluid is assumed to be a standard antifreeze mixture 
of water and ethylene-glycol. A conventional automobile 
radiator and water pump are proposed for this application 
since they are readily available. The water pump is assumed 
to have a 90% mechanical efficiency. The ambient heat 
transfer takes place at a lower temperature difference than in 
conventional automobiles; however, the amount of heat input 
required is less than that typically needed to be rejected from 
the fuel-burning engine. Heating of warmant in the ambient 
heat exchanger is governed by turbulent duct flow (Eq. 3) and 
the friction factor /is determined from Reynold’s analogy as 
follows: 

// 8 = St Ft m (Eq. 8) 

where St is the Stanton number. The heat transfer coefficients 
for the warmant llowing around the expansion chamber arid 
through the head based are the heat transfer correlations for 
cross-flow over cylinder walls and that through a flat plate for 
the cylinder head as follows: 13 

Nu c ^ (0.35 + 0.56 Ref 52 ) Rr ° 3 (Eq. 9) 

Nu h = 0.332 Ref 2 Pr m (Eq. 10) 

An energy balance for a given fluid temperature change 
determines the warmant flow rate needed to provide the 
desired cylinder heat flux through the expansion chamber 
walls. 

ANALYTICAL PROCEDURE The analysis 

proceeds by first computing the temperature and pressure 
history for a fixed mass of gas undergoing expansion in a 
cylinder having a uniform wall temperature that is fixed at 
some point below ambient. The injection gas temperature is 
always equal to the wall temperature and the energy equation 
(Eq. 1) is integrated by the fourth-order Runga-Kutta 
method. The indicated work of die pressure-volume diagrams 
for the adiabatic and isothermal cycles are compared to the 
corresponding analytical values to insure sufficiently small 
steps are used for the integration. The effects of changing gas 
temperature and pressure on the heat transfer coefficient are 
accounted for during the expansion stroke by means of Eq. 4, 
using the mean piston speed. '1 lie work of the LN 2 and water 
pumps and the losses due to piston friction are independently 
calculated. 

The intake valve is opened when the piston is at top- 
dead-center (TDC) and closed at the cut-off angle 
corresponding to expansion to desired exhaust pressure. This 
initial volume prior to expansion is analytically determined 
from the input pressure ratio for the adiabatic and isothermal 
cases, and iteratively determined in the case of heat transfer. 
When the initial volume is smaller than the sum of the head 
and clearance volumes the gas is assumed to instantly fill 
these volumes to the desired injection pressure and the 
expansion begins from TDC. This results in a higher exhaust 
pressure than initially specified. No heat transfer is assumed 
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during the injection and exhaust phases of the cycle for the 
performance calculations presented in this paper. 

RESULTS 

The first set of calculations investigated the effects of 
bore-to-stroke ratio (d/S) and engine RPM on the 
isothermicity (/) of the cycle which is defined as the ratio of 
cycle work w cyc to the isothermal work w i determined for the 
same pressure and volume ratios. The isothermicity of a set 
of engines having a 1 cm bore diameter operating over an 
injection pressure range of 1 - 30 MPa with an exhaust 
pressure of 0.11 MPa and injection temperature of 290 K is 
shown in Fig. 4. Engine RPM and d/S are used as 

parameters. It can be seen that very long strokes and low 
RPM encourage heal transfer during the expansion process. 
The case of a 10 cm piston having a 1 : 4 bore-to-stroke ratio 
is also shown in Fig. 4. The reduction in work output due to 
bore size is evident. These calculations indicate that small 
bore and low RPM are desirable for an efficient quasi- 
isothermal engine. The corresponding low power density 
will result in careful design trade-off between high efficiency 
and the potential mechanical complexity of multiple-cylinder 
engines required to generate sufficient power lor automotive 
propulsion. 

The temperature and specific work as function of 
crank angle for an engine having a 1 cm diameter piston and 
10 cm stroke operating at 1000 RPM under isothermal and 
non-adiabatic conditions are shown in Fig. 5. The cut-off 
point is between 12° and 13° for these conditions. It can be 
seen that the majority of the lost work in the non-isothermal 
case arises in the first 60° of crank angle. During this phase 
of the expansion process the highest rate of work output is 
realized, thus creating the greatest demand for heat input to 
approach isothermal performance. 

The temperature difference between wall and gas is 
initially zero during the injection phase of the cycle; however, 
it quickly increases as the system does work on the piston, as 
shown in Fig. 6. The heat transfer coefficient rapidly 
decreases as the pressure drops, even though the increase in 
piston speed and decrease in gas temperature mitigate this 
effect. Since a well designed quasi-isothermal expander 
would have minimal temperature difference between wall and 
gas, the primary means of enhancing heat transfer are to 
increase both the heat transfer coefficient and total wetted 
area within the expansion chamber. 

In order to determine the possible benefits of an 
enhanced heat transfer coefficient, the simulation for the non- 
isothermal expander was conducted again assuming that h x 
did not decrease during expansion. The specific work output 
and temperature during the first half of the expansion siroke 
for the same operating conditions, when h x is assumed to 
maintain its initial value, are shown in Fig. 7 along with the 
isothermal results. The work and temperature profiles are 
much closer to the ideal in this case. These results correspond 
to increasing h x by a factor of 10 during the expansion over 


* 

s 

i 

| 

o 

UJ 


Injection Pressure (MPa) 

Fig. 4 Effect of geometry and engine RPM on the 
isothermicity of an ideal expander with finite 
heat transfer rates. 



the first 60° of crank angle. The ratio of cycle work to 
isothermal is 0.85 under these conditions as compared to 0.65 
for the variable h K case, which is a significant increase in 
isothermicity. Increases in the heat transfer coefficient can be 
realized by inducing turbulence and swirl during the injection 
process, however, this approach has not yet been pursued 
sufficiently to evaluate the its feasibility of achieving the 
needed magnitude of h x enhancement. 

Since the baseline piston-cylinder configuration used 
for the prior simulations has a low isothermicity even though 
it has a very high surfacc-to-volume ratio (1 cm bore x 10 cm 
stroke) as compared to conventional expanders, something 
much different is required to achieve significant quasi- 
isothermal operation. One possibility is a novel piston-head 
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Fig. 5 Instantaneous work output and gas 
temperature as function of crank angle for 
ideal expander. (Piston diameter = 1 cm, 
stroke = 10 cm.) 
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Fig. 6 Heat transfer coefficient and temperature 
difference between gas and wall as function of 
crank angle. 
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Fig. 7 Instantaneous work output and gas temperature 
for ideal expander when ft x is assumed constant. 
(Piston diameter =; 1 cm, stroke = 10 cm.) 

configuration (hut has the promise of greatly enhancing (he 
heat transfer rate during the first part of the expansion 
process. This concept consists of a piston with multiple 
conical fins that lit into a heater core, which is imbedded in 
the top of the expansion cylinder, when the piston is at TDC, 
as shown in Fig. 8. The baseline configuration for this 
analysis consists of a 10-cm diameter piston fined with 19 
truncated conical fins having root and tip diameters of 1.45 
and 0.725 cm, respectively. The fin height is 2.9 cm and the 
wall thickness of the core passages is 2 mm. Two plates of 
0.5 cm thickness hold the core tubes and create a means for 
v/armanC to be routed over the tube bundle. 

A head space over the heater core is, used for 
minimizing the pressure drop associated with distributing the 
N 2 through the passages. The pressure drop through the 
heater core is assumed to be negligible for this analysis. 


Fig. 8 Piston having conical fins and heater core inside 
expansion cylinder. 


When the injection valve is opened at TDC, the gas 
experiences more surface area as the conical fins are 
withdrawn from the healer core. No seal is required between 
the tins and passages; the rings on the cylindrical portion of 
die piston iulfill this function. Thus a high surface-to-volurne 
ratio is attained at the top of the cylinder where the demand 
for heat input is the greatest. 

The work output for this piston-cylinder combination 
without any clearance volume or head space is shown in 
Fig. 9 along with that of a similar piston without fins. The 
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Fig. 9 Work output from ideal expander using conical- 
finned piston and heater core without any 
clearance volume or head space. 
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Fig. 10 Work output from ideal expander using conical- 
finned piston and heater core with finite 
clearance and head volume. 

heat transfer is significantly enhanced beyond that of the Un- 
less configuration as evident in the difference in specific work 
curves. Without fins, a piston-cylinder configuration of these 
dimensions would be nearly adiabatic. The improvement in 
specific work is encouraging because the dimensions of this 
system are comparable to those of conventional expanders. 

The work output of the finned-piston when there is 
finite clearance volume and head space is shown in Fig. 10. It 
can be seen that a significant penalty is incurred when these 
volumes are included. Adding in the pump work shows that 
the maximum specific work occurs in the 6 - 8 MPa range, 
which is well within the capabilities of current expander 
technology. The kink in the adiabatic specific work curve 
indicates the point where the high pressure N 2 could not be 
expanded to ambient (0.1 1 MPa) with the available expansion 
ratio, thus the exhaust pressure steadily increases with 
injection pressure and the pressure ratio remains constant. 
Even if the pressurization of the system is achieved without a 
pump, there is not any efficiency to gain by going to pressures 
higher than 10 MPa for any of these expansion processes. 

The degree of isothermicily achieved with the finned- 
piston, with and without head space and clearance volume, is 
shown in Fig. 1 1 along with the isothermicily of a finless 
piston for comparison purposes. These calculations indicate 
that over 80% of the isothermal work available can be 
generated by the proposed expansion engine. This degree of 
isothermicily is nearly that which was previously found if h f 
could be maintained constant during the expansion process. 
It can be seen that the presence of dead volume not only 
reduces the available work, it also reduces the isothermicity 
of the expansion process at higher pressure. This effect is 
also evident in the isothermicily curve for a standard piston. 
Thus careful piston-head design is essential to realize the full 
potential of using cryogcns as energy storage media. Even 
with the specific work degradation due to finite head space, 
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Fig. II Isothermicily of conical-finned piston with and 
without clearance and head volume compared 
with standard piston. 

the performance of this engine is still good enough to be 
effectively used in a liquid nitrogen vehicle. 

YVARMANT CIRCULATION 

The warmant circulation system is sized such that it 
can deliver the total heat input required to maintain the wall 
temperature of a 2-cylinder expander at 10 K below ambient 
when it is generating twice the power required for level 
cruising at 97 km/hr. This insures that there will be sufficient 
heat input during nominal cruising conditions to quickly 
overcome transient temperature fluctuations arising from 
acceleration and variations in road inclination. The power 
required to maintain cruising speed for a Honda CRX has 
been estimated at 7.8 k\V. 14 This can be generated by a single 
cylinder of the finned-piston engine when it is operating at 
850 RPM with an injection pressure and temperature of 

6.0 Mpa and 290 K, respectively, in an 300 K environment. 
The heal input to the cylinder is -llkYV under these 
conditions. Thus the maximum warmant heat transmission 
requirement is 22 kW which dictates a mass flow rate of 

1.1 kg/sec (water/ethylene-glycol mixture) for a 5 K 
temperature drop. Under cruising operating conditions the 
propulsion system would realize an energy density of 245 kJ/ 
kg-LN 2 which makes it competitive with the best of lead-acid 
batteries being used today. 

DISCUSSION 

Time to recharge (refuel), infrastructure investment, 
and environmental impact are among the issues to consider, in 
addition to range and performance, when comparing the 
relative merits of different ZEV technologies. The 
convenience of pumping a fluid into the storage tank is very 
attractive when compared with the typical recharge times 
associated with lead-acid batteries. Manufacturing LN 2 from 
ambient air inherently removes small quantities of 
atmospheric pollutants and the installation of large-scale 



liquefaction equipment at existing fossil-tuel power stations 
could make flue gas condensation processes economical and 
even eliminate the emissions of C0 2 . 15 Conversely, 
liquefaction of air at the local gas station or even at personal 
residences could provide significant load-leveling to facilitate 
the efficient generation of electricity. More detailed studies 
of the consequences of these infrastructure investments would 
be justified if an effective means of converting the thermal 
energy potential of LN 2 and liquid air can be developed. 

CONCLUSION 

The potential for utilizing the available energy of 
liquid nitrogen for automotive propulsion looks very 
promising. Heat transfer calculations of a quasi-isothermal 
reciprocating engine that has a heater core imbedded within 
its expansion chamber indicate that nearly 85% of the 
performance of an ideal isothermal power cycle can be 
attained. A representative case indicates that a 2-cylinder 
engine operating with an injection pressure of 6 MPa at 
850 RPM would produce 15 kW and 190 N-m torque. This 
power plant would enable a zero emission vehicle to have a 
range of 140 km from 200 liters of LN 2 . Thus even though 
this expander concept is far from being optimized, it still can 
provide an effective power plant for a zero emission vehicle. 
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ABSTRACT 

This investigation of the use of cryogens as energy 
storage media for zero emission vehicles has found that 
using liquid nitrogen to liquefy the working fluids of one or 
more closed Rankine power cycles can be an effective 
means for increasing motive power. System configurations 
are presented which can realize over 50% of the availability 
of liquid nitrogen without relying on isothermal expanders. 
A zero emission vehicle utilizing such a propulsion system 
would have an energy storage reservoir that can be refilled 
in a matter of minutes and a range comparable to that of a 
conventional automobile. 

INTRODUCTION 

Mitigating increases in urban air pollution and 
greenhouse gases that come from vehicle tailpipe 
emissions is the primary motivation behind developing 
alternative transportation technologies that do not rely on 
combustion of fossil fuels. Consumer acceptance of a 
replacement transportation technology, however, is highly 
dependent on the new vehicle sticker price, operating 
expenses, reliability, and convenience of use. Thus it is 
advantageous for the energy storage system of a zero 
emission vehicle (ZEV) to have low initial cost, be quickly 
and economically recharged, and to provide driving 
performance comparable to that of conventional 
automobiles. In addition, the most desirable technological 
solutions will eliminate the release of automotive 
combustion products in areas of poor air quality, while also 
reducing the net amount of pollutants released to the 
environment as a consequence of their implementation. 
Careful consideration of the overall environmental impact of 
a particular ZEV technology and the corresponding costs of 
necessary infrastructure development is necessary to 
evaluate the ability of any new transportation system to 
meet the goals of society. 

Currently, the battery powered electric vehicle is the 
only commercially available technology that can meet ZEV 


standards; however, these vehicles have not sold well. 
This is primarily due to their limited range, slow recharge, 
and high initial cost. All of these issues can be traced 
directly to the limitations of electrochemical energy storage, 
particularly lead-acid and Ni-Cd batteries. These heavy 
metal energy storage systems remain the dominant 
technology in the electric vehicle market, but exhibit 
specific energies in the range of only 30-40 W-hr/kg and 
energy densities of 60-90 W-hr/l. 1 This compares with 
about 3,000 W-hr/kg for gasoline combusted in an engine 
running at 28% thermal efficiency. Lead-acid batteries can 
take hours to recharge and must be replaced every 2-3 
years. Recycling of metals from batteries does significantly 
reduce the amounts released to the environment; however, 
these processes are currently not 100% effective. Hence, 
in addition to significantly increasing operating cost per km 
driven, the need for several battery replacements over the 
lifetime of the vehicle raises the specter of increased heavy 
metal pollution, were lead-acid and Ni-Cd battery powered 

electric fleets ever to become widespread. 2,3 

The potential of cryogenic energy storage for 
automotive propulsion has been under investigation at the 

University of Washington 4,5 and elsewhere 6 ' 9 as an 
alternative to electrochemical batteries for ZEVs. It is 
anticipated that the use of an inert cryogen, such as liquid 
nitrogen (LN 2 ), for an energy storage medium would not 
pose any environmental burden, and in particular would 
avoid the issues of heavy metals pollution associated with 
Pb-acid and Ni-Cd batteries. Since there exists a well 
established air manufacturing industry that can be 
expanded to accommodate large increases in demand, the 
economy of scale is expected to result in a LN 2 cost that is 
close to that of the energy consumed in its production 
(-0.5 kW-hr/kg-LN 2 for a large scale air manufacturing 
plant). The retail price of LN 2 may be further reduced by 
credit from additional sales of liquid oxygen and argon that 
are by-products of the liquefaction process. 
Straightforward modifications to current gasoline stations 
would enable LN 2 vehicles to be refueled in minutes and, if 


1 



the performance and range of cryogen vehicles could be 
made comparable to gasoline vehicles, the driving habits of 
motorists would not have to change at all. 

Prior work has shown that using LN 2 as the working 
fluid of an ambient air-heated Rankine power cycle would 
result in net work output ranging from 50-90 W-hr/kg-LN 2> 
depending on how isothermal the expansion process can 

be made. 4 ' 5,10 Even though these specific energy values 
are superior to those of most electrochemical batteries, the 
energy density of LN 2 is at best 70 W-hr/l when used in an 
isothermal expansion process, which results in a 350 liter 
(90 gal) onboard storage vessel being needed to provide a 
vehicle with a range comparable to internal combustion (1C) 
engines. Even though this is not a prohibitively large “fuel” 
tank, increasing the effective energy density of the LN 2 by 
using more complex power cycles may be warranted in 
applications where minimal energy storage volume, zero 
emission and spark-free operation are required. 

In what follows, means to recover work from LN 2 by 
using it as a heat sink for closed loop Rankine cycles are 
evaluated. Fundamental thermodynamic considerations 
are discussed which illustrate the energy storage 
capabilities of various cryogens. The basic cryogen energy 
conversion system is presented and applications of topping 
cycles are examined. The potential gains in specific 
energy and energy density of LN 2 are determined for a 
point design that illustrates the implementation of this 
concept. 

THERMODYNAMIC CONSIDERATIONS 

The maximum reversible work that can be realized by a 
chemically inert substance stored at temperature T t and 
pressure P, in an environment at temperature T a is equal to 
its availability; 'V = /?,- h a - T a (S t - S a ). The availabilities of 
several cryogens of interest and that of compressed air 
stored at 20 MPa are shown in Table 1 . It can be seen that 


Table 1: Availability of various working fluids relative 
to ambient conditions ( T a = 300 K) 


Fluid 

Storage 
Temp (K) 

Density 

(kg/m 3 ) 

(kJ/kg) 

(W-hr/kg) 

¥ 

(W-hr/l) 

n 2 

77.4 

809 

768 

213 

173 

Air 

78.9 

886 

737 

205 

181 

o 2 

90.2 

1140 

635 

176 

201 

ch 4 

111.6 

423 

1093 

304 

128 

c 2 h 6 

184.6 

545 

352 

97.7 

53.2 

Compressed 

300 

23> 

258 

71.5 


Air 





g . 
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the availability of LN 2 is approximately 3 times that of 

compressed air and more than 5 times greater than the 
specific energy of Pb-acid batteries (40 W-hr/kg). The 
availability of liquid methane (without combustion) is -50% 
greater than that of LN 2 on a per mass basis; however, its 
available energy density is -25% less than that of LN 2 . In 
the case of compressed air storage at 20 MPa, the 
available energy density is so low that, even with an ideal 
isothermal expansion engine, there is not sufficient volume 
onboard conventional automobiles to provide comparable 
driving range. Liquefaction of air increases its energy 
density by several orders of magnitude, resulting in a much 
more compact energy storage system than that required for 
compressed air, even when the volume of the 
accompanying heat exchanger equipment is included. 

An energy conversion system which uses ambient heat 
to vaporize the working fluid inherently reduces the 
availability of the cryogen in the process. The maximum 
reversible work that can be generated from any process is 
equal to the difference between the availability of the 
working fluid at its peak temperature and pressure and the 
availability at the end of the expansion process. In the case 
of an energy conversion system which uses several 
different working fluids, it is possible to effect a heat 
exchange process which increases the availability of one 
medium while decreasing that of another, resulting in a net 
increase in work output over that of using a single fluid. 
The availability analysis provides a direct means to 
evaluate the energy conversion efficiency of various 
cryogen power system configurations without consideration 
of many details of the associated processes. Having 
determined operating conditions of various working fluids 
which result in the effective use of consumable cryogen 
(e g., LN 2 , LAir), the mechanical components of an energy 
conversion system (e.g., heat exchanger area, pressure 
drop, expansion engine, etc.) can then be designed and the 
effects of real world inefficiencies evaluated. 

CRYOGEN POWER CYCLE 

A schematic of a cryogen energy conversion system is 
shown in Fig. 1. The cryogen “fuel" is stored in a vacuum 
jacketed vessel which has appropriate relief valves to 
safely accommodate boiloff. A cryopump pressurizes the 
fluid to a level somewhat above the injection pressure of 
the expander to make up pressure loss in the heat 
exchanger system. Turbines and either rotary or 
reciprocating fixed-displacement engines are appropriate 
expanders. The end use of the shaft power typically 
determines which expander technology is the most 
appropriate for a given application. Valves having 
controllable opening times can be used to provide variable 
cut-off for optimal LN 2 consumption in a piston expander, 
whereas adjustments in the LN 2 flow rate regulate power 
output from a turbine. The shaft power from the expander 
is then readily applied for vehicle propulsion via a standard 
transmission or the generation of electricity for a hybrid 
system. 
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Fig. 1 Schematic of liquid nitrogen energy conversion system. 


Fig. 2 Specific work of various fluids in adiabatic and isothermal 
expanders. 


Since the rapid expansion process of the cryogen 
power cycle results in the temperature of the working fluid 
always being less than ambient, it is possible for a 
secondary heat transfer fluid (“warmant” in Fig. 1) to 
conduct sufficient heat into the engine to maintain the 
expander walls at near room temperature and to effect 
“quasi-isothermal" operation. Prior investigations have 
shown that reasonable piston and cylinder head 
geometries having high surface-to-volume ratios can be 
used to enhance heat transfer during expansion, resulting 
in potential net work output of approximately 85% 

isothermal. 10 An alternative means of approaching 
isothermal operation is to use multiple expansions with 
intermediate reheats. Three additional expansions with 
two reheats result in a net work output of 80-85% 
isothermal; such triple expansion engines were applied 
quite successfully in the early part of this century for 
steamboat propulsion. For the purpose of estimating the 
maximum energy storage potential of LN 2 , the work output 
from ideal engines operating with adiabatic and isothermal 
expansion processes can be readily quantified. Since 
there are several different concepts which can provide 
quasi-isothermal performance, the work output of a 
cryogen energy conversion system having a quasi- 
isothermal expander will be estimated as 85% the 
isothermal work. 

Carefully designed all-weather heat exchangers are 
required to warm the working fluid to near ambient 
temperature without suffering a detrimental build-up of 

frost. 11 An innovative ambient evaporator concept 
involving multiple coaxial passes of the working fluid has 
demonstrated the ability to boil and superheat relatively 
large quantities of LN 2 without any frost accumulation 

(Williams et al., 1997). The warming of the heat transfer 
fluid which is circulated around the cylinder heads and 
walls in a quasi-isothermal expander requires some 


additional heat exchanger components; however, the 
increase in power output significantly reduces the rate of 
LN 2 consumption, which correspondingly reduces the size 
of the cryogen vaporizer. 

CRYOGEN TOPPING CYCLES 

The specific energy of several working fluid candidates 
(N 2 , CH 4 , C 2 H 6 ) for cryogen power cycles is plotted in 
Fig. 2 as a function of the injection pressure to both an 
adiabatic and an isothermal expander. A peak temperature 
of 290 K is assumed in each case and both the cryopump 
and expander are assumed to be isentropic. All media are 
expanded back to atmospheric pressure and the pressure 
drops in the heat exchanger systems are neglected. The 
end state of isothermal expansion process is assumed to 
be 290 K and 0.101 MPa for any injection pressure. The 
difference in the availability of the gas that is injected into 
the expander from its availability as it is expelled 
determines the specific work output. 

For all working fluids shown in Fig. 2, the specific work 
of isothermal expansion from a given injection pressure 
exceeds that of the adiabatic expander, with the difference 
being greater as pressure is increased. Relatively little 
extra work is gained by operating the adiabatic cycles at 
pressures higher than 3 MPa. The adiabatic work of C 2 H 6 
is not plotted beyond 3.5 MPa because the end state after 
adiabatic expansion corresponds to subcooled liquid 
phase. On a per mass basis it can be seen that the CH 4 
cycle produces the most work for a given injection 
pressure, even though adiabatic expansion to atmospheric 
pressure drops the temperature to the saturation point 
when the injection pressure is greater than 4 MPa. The 
mixed-phase end state might preclude the use of adiabatic 
reciprocating expanders, but it may not pose an 
insurmountable problem for turbines. Maxima in the 
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Fig. 3 Temperature after adiabatic expansion to atmospheric pressure. 


adiabatic expansion work for C 2 H 6 , CH 4 , and N 2 are 
observed at approximately 2, 4, and 9.3 MPa, 

respectively. The adiabatic work maxima for CH 4 and N 2 
occur at the injection pressures which result in the exhaust 
just reaching the saturation point, as discussed below, 
whereas the maximum for the C 2 H 6 cycle corresponds to a 
mixed-phase end state. 

The adiabatic expansion temperature of these working 
fluids is plotted versus injection pressure in Fig. 3. Mixed- 
phase flow after adiabatic expansion, characterized by the 
horizontal part of the temperature plots, results when the 
injection pressure is greater than 1 , 4, and 9.3 MPa for the 
C 2 H 6 , CH 4 , and N 2 power cycles, respectively. The 
enthalpy difference between the end state of the expansion 
process and that of the saturated liquid at atmospheric 
pressure is the heat rejection required to completely liquefy 
the C 2 H 6 and CH 4 working fluids. The N 2 is vented back to 
the atmosphere and reliquefied at a stationary air 
manufacturing plant. The relatively large differences in 
saturation temperatures indicate that significant heat 
transfer between these media is possible and, since the 
majority of the heat transfer occurs during boiling and 
condensing processes, the heat exchanger system can be 
very compact. 

The parts of the cryogen power cycles in which the 
media can exchange heat with a specified minimum 
temperature differential are readily displayed by 
temperature-entropy diagrams. An example of an energy 
conversion system using C 2 H 6 , CH 4 , and N 2 at peak 
pressures of 3.0, 3.0, and 1.0 MPa, respectively, is shown 
in Fig. 4. Each of these working fluids is assumed to be 
stored at atmospheric pressure as saturated liquids. In the 
case where all of the expanders are adiabatic, the 
pressurized LN 2 is vaporized and superheated to within 
10 K of the exhaust temperature (129 K) of the 



Entropy (kJ/kg/K) 


Fig. 4 Cryogen power cycles in the temperature-entropy plane. 


adiabatically expanded CH 4 , then superheated further by 
heat exchange with the condensing C 2 H 6 to approximately 
175 K (10 K below C 2 H 6 saturation temperature). Ambient 
heat is then required to bring the N 2 up to the peak 
temperature of the cycle (290 K). For the calculations 
presented here, the N 2 exhaust after adiabatic expansion is 
not used to liquefy any additional C 2 H 6 even though there 
would be some benefit in doing so. The sum of the 
enthalpy differences between each point of the N 2 heating 
process along the 1.0 MPa isobar determines the total 
amount of heat that can be rejected from the other working 
fluids per kg-LN 2 . 

The mass flow rate of CH 4 at 3.0 MPa that can be 
liquefied after adiabatic expansion by vaporizing N 2 at 
1.0 MPa is 0.42 kg-CH 4 /kg-LN 2 . Heat is continuously 
transferred to the CH 4 at 3.0 MPa as it passes through the 
C 2 H 6 condenser until the CH 4 reaches 175 K. Heat 
exchange with ambient air then superheats the CH 4 to the 
peak cycle temperature. Thus the net flow of adiabatically 
expanded C 2 H 6 (from 3.0 MPa) that can be liquefied by the 
combination of N 2 and CH 4 heat transfer is 0.7 kg-C 2 Hg/ 
kg-LN 2 . 

The heat sink capability of LN 2 for isothermal 
expanders is determined by assuming 1.0 MPa LN 2 is used 
to liquefy CH 4 at 290 K and atmospheric pressure. The 
pressurized CH 4 in turn, liquefies the C 2 H 6 flow from a 
temperature of 290 K. Heat transfer is assumed to 
terminate in each of the N 2 -CH 4 and CH 4 -C 2 H 6 heat 
exchangers once the N 2 and CH 4 have been warmed to 
280 K. A small amount of ambient heat is then needed to 
warm the N 2 and CH 4 to the peak cycle temperature of 
290 K, whereas the C 2 H 6 is completely heated to 290 K 
with ambient air. Thus the mass flow rate per kilogram of 
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Fig. 5 Mass flow rates relative to 1 kg/s LN 2 at 1 MPa. 
C 2 H 6 flow rate based on that of CH 4 at 3 MPa. 



Fig 6 Net specific work for binary and ternary cryogen energy 
conversion systems. 


LN 2 for a ternary energy conversion system using 
isothermal expanders under these conditions is 
0.36 C 2 H 6 : 0.45 CH 4 : 1.0 LN 2 . 

The mass flow rates of C 2 H 6 and CH 4 per kg-LN 2 over 
a wide range of injection pressures are shown in Fig. 5. 
Since the end state of the isothermal cycles is independent 
of the injection pressure, the corresponding flow rates 
remain constant. The flow rates for the adiabatic 
expanders are dependent on the heat sink capacities of 

1 .0 MPa N 2 and 3.0 MPa CH 4 . The mass flow rate of CH 4 
initially decreases with increasing pressure because the 
decreasing exhaust temperature after adiabatic expansion 
reduces the amount of heat that can be transferred to LN 2 , 
even though the amount of heat to be rejected to liquefy the 
CH 4 is steadily decreasing. Once the end state of the CH 4 
expander is at the saturation temperature, the reduction in 
necessary heat transfer with increasing injection pressure 
results in the liquefaction of more CH 4 flow. The mass flow 
rate in the adiabatic C 2 H 6 cycle steadily increases with 
pressure because its saturation point is reached with 
relatively low expansion and the heat rejection requirement 
significantly decreases with decreasing quality in the 
mixed-phase end state. 

Fixing the peak pressure for the N 2 allows the net cycle 
work per kg-LN 2 to be determined for a binary LN 2 -CH 4 
energy conversion system over a range of CH 4 injection 
pressures as shown in Fig. 6. Likewise prescribing the N 2 
and CH 4 peak pressures enables the effect of pressure on 
the C 2 H 6 topping cycle to be evaluated. The net specific 
work output of the binary system is the sum of the work 
outputs from the CH 4 cycles as a function of injection 
pressure added to the specific work output of the 1 .0 MPa 
N 2 cycle. The addition of a CH 4 topping cycle to the N 2 
cryogen power cycle increases the net adiabatic work 


output by 30-100% in the pressure range of 1-4 Mpa, 
whereas the isothermal work increases by 25-50% over the 
same pressure range. At a peak CH 4 injection pressure of 

3.0 MPa, the binary system produces 200 and 380 kJ/kg- 
LN 2 from adiabatic and isothermal expanders, respectively. 

The net work output of a ternary energy conversion 
system using C 2 H 6 for the uppermost topping cycle is also 
shown in Fig. 6 for the case when the peak injection 
pressures of the LN 2 and CH 4 cycles are 1.0 MPa and 

3.0 MPa, respectively. The addition of a C 2 H 6 topping 
cycle boosts the net work output by over 100% in the 
adiabatic case and by about 80% with an isothermal 
expander. Thus it is possible to extract over 300 kJ/kg-LN 2 
using adiabatic expanders and over 450 kJ/kg-LN 2 with 
isothermal expanders. This latter value indicates that a 
quasi-isothermal expander may achieve net specific work 
of over 400 kJ-kg-LN 2 (1 10 W-hr/kg-LN 2 or 90 W-hr/l-LN 2 ), 
which enables an availability utilization of over 50% while 
keeping the peak system pressure at 3.0 MPa. 

In order to illustrate how to best use the LN 2 , the effect 
of varying the N 2 injection pressure on the net specific work 
of a system having a peak pressure of 3.0 MPa for both the 
C 2 H 6 and CH 4 topping cycles is shown in Fig. 7. Adiabatic 
and isothermal work of just the N 2 power cycle are also 
plotted. The work output for the binary and ternary 
systems when no work is generated by the vaporized N 2 
(P in j = 0.101 MPa) is indicated by the left most plotting 
symbols. Not enough cases are plotted for these topping 
cycle parameters to resolve the performance of this system 
for N 2 injection pressures below 1.0 MPa; however, it is 
apparent from the negative slope ot the topping cycle work 
curves that LN 2 is best used at lower pressure where it 
produces less work by itself yet has more heat sink 
capability. The best use of CH 4 in an isothermal system 
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Fig 7 Net specific work for binary and ternary systems when 
injection pressure of topping cycles is fixed at 3.0 MPa. 


was also found to be when it is used at injection pressures 
lower than 3.0 MPa (-500 kJ/kg-LN 2 ); however, the net 
work output of the adiabatic ternary system was not 
significantly affected. Thus the performance of the 
configuration presented in Fig. 6 is a reasonable estimation 
of what is possible for a ternary cryogen energy conversion 
system using these three media. 

DISCUSSION 

A significant operational aspect of a multi-fluid cryogen 
energy conversion system is that the minimum 
temperatures of the fluids within the ambient heat 
exchanger are at the condensation point of the uppermost 
topping cycle fluid. This increases the total surface area 
required to transfer the necessary amount of ambient heat 
into the system, yet minimizes the degree of difficulty of 
preventing frost accumulation because of the 
corresponding increase in the minimum temperature of the 
flows within the ambient heat exchanger. Hence, in humid 
environments where large flow rates of LN 2 are required to 
be vaporized, the additional expense and complexity of 
adding topping cycles may be warranted to enable long 
periods of frost-free operation, in addition to increasing the 
LN 2 utilization efficiency. 

The choice of CH 4 and C 2 H 6 for use in this work was 
primarily due to their saturation properties at atmospheric 
pressure. It is recognized that there are many organic 
compounds being applied in refrigeration processes that 
have favorable properties for cryogen energy conversion 
systems, and thus there most likely exist more effective 
combinations of working fluids and operating conditions 
that can better utilize LN 2 . 

There are several ways to couple the shaft power from 
multiple expanders to an automotive drive train. Such 
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systems are currently in use for many kinds of hybrid 
electric vehicles. Conversely, the expanders can all be 
connected to a common shaft, whether they are rotary or 
reciprocating devices. For example, a six cylinder engine 
may be configured to expand three different working fluids 
through three pairs of adjacent cylinders to minimize 
imbalance due to variation in mean effective pressures. 
Loss of working fluids in the closed loop cycles could 
probably be made up on a maintenance schedule similar to 
that for changing oil in conventional vehicles. The relatively 
low peak pressure and temperature of the system reduces 
the expander wall thickness requirements and thus the 
thermal impedance and engine mass are also reduced. 
Transient response times and system start up scenarios 
need to be investigated in more detail to better quantify the 
operating characteristics of these cryogen energy 
conversion systems. It is apparent that there are several 
complex issues yet to be resolved before an automotive 
cryogen power plant using multiple fluids can be 
implemented; however, there do not seem to be any 
fundamental inhibiting factors that preclude the eventual 
development of such systems. 

CONCLUSIONS 

The use of liquid nitrogen as a heat sink for several 
cascaded topping cycles has been examined. Operating 
conditions for binary (LN 2 -CH 4 ) and ternary (LN 2 -CH 4 - 
C 2 H 6 ) systems have been identified which can realize 
specific energies in the range of 200-380 kJ/kg-LN 2 and 
300-450 kJ/kg-LN 2 , respectively, depending on the degree 
of isothermal expansion that can be realized. This results 
in the LN 2 being used with nearly twice the efficiency of a 
single expander operating at the same injection pressure. 

In general, it was found that the best use of LN 2 and CH 4 
was at relatively low injection pressures (< 1.0 MPa) in 
order to maximize utilization of their heat sink capabilities. 
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ABSTRACT 

Means to extend the range of cryogen (liquid nitrogen or 
liquid air) powered automobiles via burning a small 
amount of fossil fuel (gasoline or liquid methane) have 
been investigated. By utilizing both an ambient air-heat 
exchanger to vaporize the cryogen and a fossil fuel-fired 
superheater to elevate the temperature of the gaseous 
product, the range of the vehicle can be three times that 
of an ambient-heated propulsion system while not 
exceeding current ultra-low emission standards. Internal 
and external combustion power cycles using either liquid 
air or nitrogen as the working fluid were found to be more 
fuel efficient than an internal combustion engine operat- 
ing on the standard Otto cycle. The fuel-cryogen operat- 
ing expense for the proposed hybrid propulsion systems 
was found to be higher than that of the conventional auto- 
mobile; however, the performance calculations were very 
conservative. Fossil fuel consumption per mile of dual- 
fuel systems are projected to be over 40% less than that 
of conventional gasoline automobiles, thus offering the 
potential of significant reductions in greenhouse gas and 
pollutant tail pipe emissions. 

INTRODUCTION 

It is now apparent that zero emission vehicle (ZEV) tech- 
nologies relying on electro-chemical batteries for energy 
storage are a long way from providing the driving perfor- 
mance and low sticker price desired by the majority of the 
populace, as evident by the lease-only marketing strategy 
for the EV1 in the state of California. Consequently, the 
impetus in technology development has shifted from ZEV 
to ultra-low emission vehicles (ULEV), which strive to 
provide reasonable driving performance from either 
hybrid combustion/electric or fuel cell propulsion systems 
while releasing minimal combustion products. 2,3 

The potential of using cryogenically stored gases in 
external and internal combustion power cycles of ULEVs 
is currently under investigation at the University of Wash- 
ington. Storing the working fluid of a power cycle as a liq- 
uid offers a significant advantage in producing high 
working pressure because of the relatively low energy 
needed for pressurization. Earlier work at the University 
of Washington 4 and the University of North Texas 5,6 has 


shown that liquid nitrogen can be a very effective working 
fluid for zero emission vehicles employing only ambient 
air as the source of heat. Issues related to ambient heat 
exchange under all weather conditions, 7 quasi-isother- 
mal expansion, 8 and the use of ternary fluid systems for 
maximum round trip energy efficiency 9 have been 
explored. These studies indicated that LN 2 powered 
automobiles can compete favorably with electro-chemical 
energy storage systems on the basis of operating costs, 
range, user friendliness, readiness of key technologies, 
and environmental benefits. In recognition of the need 
for ULEV performance comparable with that of current 
automobiles, the potential of augmenting the power out- 
put of cryogenic propulsive systems with the addition of 
combustion heat release motivated the present study. 

Prior work by Latter et a/. 10 had shown that significant 
improvements in fuel economy and reduced emissions 
were feasible using a fossil fuel-fired vaporizer to heat 
pressurized liquid nitrogen to well above ambient temper- 
atures, and to provide subsequent reheats in a triple 
expansion motor. They also proposed combining fuel 
with pressurized air to effect constant volume combustion 
in a piston expander to enhance vehicle range. 11 The 
mileage of such vehicles was estimated to be about 
90 mpg-diesel and 3 mpg-liquid air. Although the perfor- 
mance predictions were encouraging, no vehicle proto- 
types using these power systems are known to have 
been constructed. 

Analyses of the potential performance of various propul- 
sive cycles have been carried out to ascertain the viability 
of using onboard cryogenically stored gases as the pri- 
mary working fluid of automotive propulsion systems. In 
particular, Otto and Rankine cycle scenarios have been 
examined for both reacting and inert primary working flu- 
ids. An “air-standard” engine model, with an assumed 
mechanical efficiency, was employed to evaluate the 
work output of different cycles for comparison purposes. 
Details of the thermodynamic cycles under consideration 
and the numerical modeling procedure are provided in 
next section. The contribution to the net specific work of 
each process of the propulsive cycles are examined in 
the results section. The projected fuel consumption rates 
and operating costs of these cycles are presented for air 
and N 2 working fluids using gasoline and methane has 
potential fuels. 


1 
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THERMODYNAMIC CYCLE MODELING 

A relatively simple model of an internal combustion 
engine based on an Otto cycle which incorporates 
mechanical inefficiencies is developed. This model is 
applied to dual-fuel concepts which have constant vol- 
ume and constant pressure heat addition processes to 
superheat a vaporized cryogen that is used as the work- 
ing fluid of the power cycle. The mechanical efficiencies 
of all expansion processes in each of the power cycles 
are assumed to be the same, as is the efficiency of all 
compression processes. 12 A combustion efficiency 
parameter is incorporated to account for the phenomena 
which reduce the utilization of the full heating value of the 
fuel in both internal combustion engines and externally- 
fired heaters. Details of the modeling procedure are pro- 
vided below. 

STANDARD OTTO POWER CYCLE - Automobile 
engines typically operate with a four-stroke power cycle 
involving steps for fuel-air intake, compression, power, 
and exhaust gas expulsion. These processes for an Otto 
cycle can be represented in the pressure-volume plane 
as shown in Fig. 1. Engines operating with this power 
cycle have been highly developed over the years. There 
are several fundamental drawbacks to the Otto cycle, 
however, which limit its thermal efficiency. In the first 
place, the back work required to compress the fuel-air 
charge (path 1-2) reduces net work output. In addition 
there is parasitic work required to expel the exhaust 
gases (path 5-6) and to draw in the new air charge (path 
7-1). Finally, since the engine operates with a fixed com- 
pression ratio (ViA/ 2 ), the working fluid cannot be fully 
expanded to maximize the conversion of its availability to 
useful work. Unavoidable heat transfer losses are also 
significant in reducing the net work output; however, this 
concern is typically shared by many heat engines. 



Cylinder Volume 

Fig. 1 Standard four-stroke Otto power cycle. 


The net work output of the standard Otto cycle is deter- 
mined by summing the work done on and by the piston 
for each part of the power cycle (Fig. 1). This allows dif- 
ferent mechanical efficiencies to be assigned to each 
process in order to account for pertinent real world 
effects. The mechanical efficiency for the expansion 
stroke, q e , is defined as the ratio of actual work out for a 
given pressure change, w exp , to the ideal work of an isen- 
tropic expansion through the same pressure change, 
w 3 4 S . Thus the work done on the piston by the gas dur- 
ing the expansion process between states 3 and 4 
(Fig. 1) is: 

w exp = he w 34s =ti 0 c v T 3 (1 -(PVP^- 1 )^ (1) 

where c v is constant volume specific heat capacity, T 3 is 
peak cycle temperature, P 3 is peak cycle pressure, and y 
is the specific heat ratio. Conversely, the compression 
mechanical efficiency, q c , is defined as the ratio of the 
isentropic compression work input for a given pressure 
change, w 12s , to the actual work input, iv^p, as follows: 

Wcomp = W,2 s't\c= ^ Vllc((P^Pj) (r1)/Y -1) (2) 

The total work done on the air in the crankcase by the 
piston during the expansion and compression strokes is 
assumed to be zero in this part of the analysis. 

After the power stroke, the gas is assumed to immedi- 
ately vent down to the exhaust pressure of the system, 
P exh = Ps (i.e., constant volume heat rejection). For the 
purposes of this study it will be assumed that the 
mechanical efficiencies of the intake and exhaust strokes 
are the same as those for expansion and compression, 
respectively. The intake and exhaust strokes are consid- 
ered as isobaric volume changes whose actual work val- 
ues are given as: 

w int ~ he i^int ~ Pamb ) ( ^1 ~ ^ 2 ) (2) 

Wexh = (1/ he) (P exh ~ Pamb) (Yj — V 2 ) (4) 

where P inl is the intake manifold pressure, P h and the 
crankcase pressure is equal to P amb . The sign conven- 
tion adopted here is for work out to be positive and work 
in to be negative. The sum of the work of the four strokes 
equals the net work output of the engine per unit mass of 
working fluid as follows: 

w net ~ w axp ~ w comp + w int ~ w exh (5) 

The heat input during the combustion process, q 23 , is 
determined from: 

Q 23 = c v(T3~ 7?) (6) 

where: T 2 = T, (1 + 1/h c ((P^Pi) {/ 1)/y - 1)) 

The amount of fuel that needs to be added for a given 
amount of heat input is determined from the lower heat- 
ing value of the fuel (H lhv ) and a combustion efficiency, 
q b , which accounts for all non-idealities of the fuel burn- 
ing process and the heat lost to engine cooling. Thus the 
fuel mass flow rate, m/, required to provide the heat input 
per unit mass of working fluid is given as: 


2 
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m f = Q 23 I (^b Hihv) (?) 

One other mechanical efficiency that could be included is 
that of the transmission drive train of the vehicle. This 
value will be neglected, however, because it is assumed 
that the crankshafts of all the engine concepts consid- 
ered here are coupled to the same drive train. By adjust- 
ing the mechanical efficiencies of each step outlined 
above, this model of an Otto cycle powerplant can be 
tuned to predict the fuel economy of a representative 
vehicle. The corresponding efficiency values are then 
used for mechanical components and heat transfer 
equipment of alternative power cycles being considered. 

MODIFIED OTTO POWER CYCLE - Once the possibil- 
ity of storing liquid air on board a vehicle is introduced, 
then an intriguing variation of the Otto power cycle can 
be considered. The schematic of a propulsion system 
using liquid air as the working fluid for a modified Otto 
power cycle is shown in Fig. 2. Key components are: liq- 
uid air storage dewar, cryogen pump, ambient air heat 
exchanger, engine exhaust recuperator, reciprocating 
expander, and hydrocarbon fuel handling system. 

The pressure-volume diagram of this propulsion system 
is shown in Fig. 3 with two horizontal axis indicating the 
pressure as a function of both specific volume, /, and cyl- 
inder volume, V. Operation begins by first pumping liquid 
air from storage (state 0) to a pressure (state 1) some- 
what higher than that resulting from the typical compres- 
sion stroke of the Otto cycle to compensate for pressure 
drop in the ambient air heat exchanger. The pressure 
drop through the ambient heat exchanger, A P, is 
assumed to be proportional to the pump outlet pressure, 
i.e., q p - A P/ Pi, where ti p is the pressure drop coeffi- 
cient. Ambient heat exchange vaporizes and superheats 
the liquid air to near ambient temperature, after which fur- 
ther superheat is possible from the relatively warm 
engine exhaust. The resultant air is injected with pres- 
surized fuel into the clearance volume, V dr , of the cylin- 
der as the piston approaches TDC at the same P 2 of the 
Otto cycle (Fig. 1). The injection of fuel-air mixture con- 
tinues until a sufficient amount of working fluid is admit- 
ted (path 2‘-2). Spark ignition of the fuel-air mixture is 
then initiated and heat release occurs under constant vol- 
ume conditions (path 2-3) to generate peak cycle pres- 
sure. With the appropriate choice of expansion ratio, 
VyV 3 , the combustion products can be fully expanded to 
the back pressure of the exhaust system, P axh . 

The net work output of this cycle is determined by sum- 
ming the work of each process in the same manner as 
before. The work of the isobaric fuel-air injection pro- 
cess, W in j, is assumed to be transmitted to the crankshaft 
with the same mechanical efficiency as the expansion 
stroke in the standard Otto cycle, and is determined by: 

Winj = He (P 2 - Pamb)(V 2 - V clt ) (8) 



Fig. 2 Modified Otto cycle propulsion system using 
liquid air with Internal combustion. 



V=0 TDC BDC 

Cylinder Volume (V) 

Fig. 3 Modified Otto power cycle with internal 
combustion. 

where again the crankcase pressure is assumed to be 
equal to ambient. Exhaust work is similar to that of the 
standard Otto cycle; however, the clearance volume must 
be accounted for as follows: 

W exh = 0^ he) i^exh ~ ^ amb ) ( ^ 4 ~ Kc/r) (9) 
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The cryogen pump work, w pump , is determined for a con- 
stant volume process with pumping efficiency, r| p , as 
shown here: 

Wpump ~ ^0 (Pi ~ P o) I hp (10) 

where v 0 is the specific volume of the cryogen in the stor- 
age dewar. 

Since there is no intake work (the filling of the clearance 
volume does not require work), this propulsion system is 
effectively a two-stroke power cycle. The work of the pis- 
ton on the air in the crankcase is now included in the 
expansion stroke as follows: 

w axp' ~ W exp - Pamb ( ^4 “ ^ 3 ) ( 11 ) 

Thus the net specific work is determined: 

w net = w exp' + w inj ~ w pump ~ w exh (12) 

The heat input to the cycle can be determined from Eq. 6 
when no recuperator is used. For purposes of comparing 
the energetics of the power cycles considered here, the 
potential benefits of utilizing exhaust heat in the propul- 
sion system will be ignored. Thus the fuel mass flow rate 
is given by Eq. 7. 

Increased work output potential exists for the internal 
combustion Rankine cycle over the standard Otto cycle 
for several reasons besides the use of liquid pumping 
versus gas compression. If the peak temperature is 
specified and the incoming air is at near room tempera- 
ture, the increase in temperature difference from a con- 
stant volume combustion process produces higher peak 
pressure. Higher effective compression ratio may also be 
feasible because the lower pre-ignition temperature of 
the fuel-air mixture is less prone to detonate, thus reduc- 
ing the need for higher octane gasoline. Another signifi- 
cant factor is that the expansion ratio is not constrained 
by the compression process, so that near optimal expan- 
sion is possible. 

EXTERNAL COMBUSTION MODIFIED OTTO CYCLE - 
The schematic of a propulsion system which uses exter- 
nal combustion for constant volume heat addition and an 
inert working fluid (N 2 or air) is shown in Fig. 4. Maxi- 
mum system pressure is generated in a firebox which 
pressurizes individual tubing coils while the isolation 
valves are closed. Multiple pressure-building coils for 
each engine cylinder could be used as a means to over- 
come the longer heating duration required to warm gases 
in a tube versus that of an internal combustion process. 
The possibility of preheating the ambient temperature 
working fluid with combustor and engine exhausts is indi- 
cated on Fig. 4. 

The pressure-volume diagram of this constant volume, 
external combustion power cycle is shown in Fig. 5. The 
vaporization of the cryogen working fluid is accomplished 


in the same manner as described for the previous power 
cycle. Pressure drop in the ambient heat exchanger is 
also accounted for as previously described. After being 
vaporized and superheated to near ambient temperature 
(state 2’), the N 2 gas is admitted to individual pressure- 
building coils having relatively small volume, V pbc , as 
indicated in Fig. 5. Constant volume heat addition rapidly 
increases the internal energy of the gas between states 2 
and 3 until the cylinder intake valve is opened. The gas 
fills the clearance volume and then expands against the 
receding piston until the exhaust pressure is reached at 
state 4. After the piston reaches BDC the exhaust valve 
is opened and the gas is pushed out of the cylinder and 
through the exhaust system at pressure P 4 = P gxh . 

The work output and input of the expansion and exhaust 
strokes, respectively, are determined with Eqs. 1, 4 and 
11, assuming the same mechanical efficiencies as 
before. The work input from the cryogen pump is deter- 
mined from Eq. 10. Even though the heat input to the 
pressure-building coil tends to reduce the rate of pres- 
sure drop during the expansion stroke, the expansion 
process is assumed to be adiabatic. The volume expan- 
sion ratio, V V(' / c/r + Vpp c ), is chosen to fully expand the 

peak cycle pressure. No injection work is available in this 
cycle, thus the net work is determined from Eq. 12 with 
Wj n j- 0. Since no heat exchange with the exhaust flows 
is considered, the heat input and fuel mass flow rate are 
determined from Eqs. 6 and 7, respectively. Although 
such a constant volume heater is unusual for propulsive 
power, this approach does serve as a convenient means 
to compare potential energetic advantages of internal 
versus external heat addition processes for cryogenic 
working fluids. 

CRYOGENIC RANKINE POWER CYCLE - The maxi- 
mum cycle pressure of a Rankine power cycle using a liq- 
uefied air product for the working fluid is usually 
generated with a cryogen pump (pressure-building cir- 
cuits are an alternative). The heat addition process is 
ideally isobaric and the expansion process can be adia- 
batic or isothermal (ideally), depending on peak cycle 
temperature. The propulsion system schematic in Fig. 4 
applies to an open Rankine cycle, if the isolation valve 
between the ambient heat exchanger and the firebox is 
eliminated. Another version of a cryogenic Rankine 
power system is shown in Fig. 6 which illustrates a dou- 
ble expansion with single reheat, along with several heat 
exchange processes involving the exhausted working 
fluid. Again the exhaust heat exchange and reheat pro- 
cesses are illustrated for generalization purposes, but the 
analysis is conducted for only the basic cycle without 
reheat or recuperation. 
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Pressure- shaft 



Fig. 4 Modified Otto cycle propulsion system with 
external heat addition. 



V=0 TDC BDC 


Cylinder Volume (V) 


Fig. 5 Modified Otto power cycle with external combustion. 

The pressure-volume history of the cryogenic Rankine 
power cycle without reheat is shown in Fig. 7. The pro- 
cess for cryogen pressurization via pumping and vapor- 
ization in the ambient heat exchanger is as previously 
described. Significant superheat is provided at nearly 
constant pressure in the firebox along the path 2-3’. The 
gas is then injected into the expander and immediately 
fills the clearance volume as the piston approaches TDC. 


Burner 



Fig. 6 Cryogenic Rankine propulsion system with 
external heat addition. 



V'=G TDC BDC 

Cylinder Volume (V) 

Fig. 7 Cryogenic Rankine cycle with external heat addition. 

Injection at constant pressure continues until the piston 
has receded to the point of optimum cutoff, ( V 3 - V 3 )/V 4 , 
producing injection work determined from Eq. 8. The 
work of the adiabatic expansion process and exhaust 
stroke are determined as previously described. Thus the 
net work of the cryogenic Rankine power cycle is deter- 
mined from the following: 
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W/iet - w exp' + inj w pmp w exh ( 13 ) 

Fuel consumption for this power cycle is based on the 
lower heating value of the fuel H/p^ and combustion effi- 
ciency Hb as before. Flowever, the total heat input is now 
for a constant pressure process, i.e., 

923 ' ~ c p (^3‘ ~ T 2 ) ( 14 ) 

where c p is the constant pressure specific heat capacity. 
The heat transfer efficiency of the burner is assumed to 
be the same as the combustion efficiency in the Otto 
cycle. Thus the fuel mass flow rate is determined from 
Eq. 7 while using the heat input from Eq. 14. 

It should also be noted that in the absence of external- 
combustion heat addition this power cycle corresponds to 
the ZEV mode of operation. Under these circumstances, 
the cutoff ratio is adjusted for optimum expansion and 
mechanical efficiencies are assumed to remain constant. 
The ability to easily switch to ZEV operation by shutting 
down the fuel flow and adjusting the cutoff is an attractive 
feature of the cryogenic Rankine cycle just described as 
well as with the internal and external combustion modi- 
fied Otto cycles. 

THEORETICAL RESULTS 

The net specific work output of the four fuel-fired engine 
cycles described in the previous section are determined 
as functions of volume compression or expansion ratio, 
V 1 /V 2 or VJV 3 , and peak cycle pressure, P 3 , with peak 
temperature, T 3 , as an input parameter. The mechanical 
efficiency of the individual process steps is assumed to 
be the same for the corresponding process of each 
power cycle. For the numerical results presented here, 
the mechanical efficiencies of the expansion and com- 
pression processes are assumed to be equal and to have 
a value of rj e = q c = 0.85, whereas the mechanical effi- 
ciency of the cryogen pump is assumed as q p = 0.50. 
The ambient heat exchangers are assumed to vaporize 
and superheat the cryogen to within 95% of the ambient 
temperature with a 10% pressure drop due to heating 
and viscous losses (r p = 0.10). The combustion effi- 
ciency of the internal and external heat addition pro- 
cesses is q b = 0.70. A clearance volume of V dr = 0.02 is 
used in all calculations. These values are chosen 
because they are representative of currently available 
technology and provide a self-consistent means of evalu- 
ating the relative performance merits of the power cycles. 

The primary working fluid, N 2 or air, and fuel, methane 
(CH 4 ) or octane (C 8 H 18 ), are stored at atmospheric pres- 
sure, Pq — Pamb< as liquids. Physical properties for the 
fluids of interest are shown in Table I. 13 The specific 
heats are given for the gaseous phase at a temperature 
of 300 K. The lower heating value of the fuel is used to 
provide conservative estimates of fuel consumption. The 


fuel-air mass ratios are assumed to be so small that the 
working fluid properties are primarily those of the vapor- 
ized cryogen. Since the primary purpose of this study is 
to compare different power cycles, temperature effects oq 
heat capacity are neglected and the specific heat ratio at 
300 K is used for all calculations. 


Table 1 . Properties of various cryogens and fuels 


Fluid 

Storage 
T 0 ( K) 

Density 

(kg/m 3 ) 

c p 

(kJ/kg/K) 

c v 

(kJ/kg/K) 

H/hv 

(MJ/kg) 

n 2 

77.4 

809 

1.042 

0.745 

0 

Air 

78.9 

886 

1.004 

0.717 

0 

ch 4 

111.6 

423 

2.254 

1.735 

50.01 

c bHi8 

300 

706 

1.711 

1.639 

44.43 


INTERNAL COMBUSTION CYCLE PERFORMANCE - 
The specific work output for each individual stroke of the 
standard Otto cycle model is plotted in Fig. 8 as a func- 
tion of volume compression ratio for a peak cycle temper- 
ature of T 3 = 2000 K. The working fluid in this case is 
ambient air and the fuel is pure octane. The intake (P,) 
and exhaust (P eX h) pressures are 0.091 MPa and 
0.11 MPa, respectively. The intake (w/ nt ) and exhaust 
( w exh) works (right vertical axis) are seen to be relatively 
insensitive to compression ratio when V 1 /V 2 exceeds a 
value of 5. Note that work input is required to draw in the 
fuel-air mixture for these operating conditions. The com- 
pression work (w comp ) increases at a faster rate than the 
expansion work (w exp ), resulting in decreasing net spe- 
cific work (w ngt ) at compression ratios greater than 7. 
This indicates that the most efficient use of air would be 
realized with a compression ratio of vy V 2 ~ 7; however, 
since air is “free" it does not necessarily follow that this is 
the optimum compression ratio for minimum operating 
expense. 

The specific fuel consumption per unit of net work output 
for the standard Otto cycle is shown in Fig. 9 for four dif- 
ferent peak temperatures. It can be seen that the fuel 
consumption decreases as the peak temperature 
increases. Higher peak temperature shifts the minima of 
the specific fuel consumption curves to higher compres- 
sion ratio and reduces their sensitivity to increasing 
Vj/V 2 . The flame temperature of octane-air combustion 
is typically around 2200 K, 14 thus the bounding curves 
with T 3 = 2000 and 2500 K indicate that engines with 
compression ratios of 10-15 would be the most fuel effi- 
cient, which is consistent with current practice. It is of 
interest to note that even if pre-ignition could be avoided 
under all operating conditions, there is not much more 
fuel efficiency to gain by increasing the compression ratio 
of current spark-ignited engines beyond 12 or so. 
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Fig. 8 Specific work of standard Otto cycle. 


Standard Otto 
Internal Combustion 



Fig. 9 Specific fuel consumption of standard Otto cycle. 

The specific work for each process of the modified Otto 
cycle as a function of the volume expansion ratio [VyV 3 ), 
with internal combustion using liquid air (LAir) as the 
working fluid, is shown in Fig. 10. The peak temperature 
is T 3 = 2000 K and the peak pressure (P 3 ) increases with 
increasing expansion ratio. The cryopump work (w pump ) 
monotonically increases with expansion ratio although its 
effect on the net work is negligible over the range shown. 
Even though the exhaust pressure remains constant, the 
exhaust work decreases because the specific volume of 
the air at the end of the expansion stroke (v 4 ) decreases 
with increasing peak pressure. Thus the actual cylinder 
volume (V 4 ) needed to process a unit mass of working 
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fluid decreases with increasing VJV 3 when the peak 
temperature is kept constant. The injection work (w inj ) 
has a maximum because at higher expansion ratio the 
injection process is cut off at smaller y 2 and a larger frac- 
tion of the gas is used to fill the clearance volume (V ctr ). 
The work done on the air in the crankcase (not shown) 
negates the injection work and thus the net work is less 
than that of the expansion stroke throughout the range of 
expansion ratio displayed here. The net work per unit 
mass of air monotonically increases and is about twice 
that of the standard Otto cycle at expansion ratios greater 
than 10. Thus this engine would be smaller than a con- 
ventional one having the same power output and revolu- 
tion rate. 



Fig. 10 Specific work of modified Otto cycle with 
internal combustion using liquid air. 


The effects of peak temperature on the fuel economy of 
the modified Otto cycle with internal combustion are indi- 
cated by the specific fuel consumption curves in Fig. 11. 
Contrary to the standard Otto cycle, the fuel economy 
improves with decreasing peak temperature because 
less fuel is needed to heat the working fluid. Conse- 
quently the engine can be designed to operate cooler 
which reduces its heat rejection requirements and the 
level of nitrogen oxide emissions from the combustion 
process. The fuel consumption of the internal combus- 
tion modified Otto cycle at a representative operating 
point of T 3 = 2000 K and V 4 /V 3 = 20 is about 33% less 
than that of the standard Otto cycle engine having typical 
operating conditions of T 3 = 2000 K and V 1 /V 2 =f0. 
Thus the modified Otto engine has the potential to be 
more compact and fuel efficient while emitting fewer pol- 
lutants during operation. 
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Modified Otto 
Internal Combustion 



Fig. 11 Specific fuel consumption of modified Otto cycle 
with Internal combustion using liquid air. 

The specific air consumption for the modified Otto cycle 
using internal combustion is shown in Fig. 12. Higher 
peak temperature reduces the rate liquid air is consumed 
in this application. It is also apparent that the air con- 
sumption rate is not improved very much by using expan- 
sion ratios greater than V 4 /V 3 = 20. The logistical and 
safety issues of using liquid air for automotive applica- 
tions need to be carefully considered. One major con- 
cern is oxygen enrichment of the cryogen due to boil off 
of nitrogen during long periods of storage. Means to 
determine the oxygen-to-nitrogen ratio of the cryogen as 
it is used may need to be employed to ensure the proper 
fuel-oxidizer ratio is injected into the cylinder. These 
issues are important, however, they will not be addressed 
in any more detail in this study because its primary goal 
is to determine the energetic potential of hybrid fuel-cryo- 
gen propulsion systems. These results are anticipated to 
be useful for specialty fleet applications where the duty 
cycle of the vehicles is such that monitoring the oxygen 
content of the liquid air is not necessary. 

EXTERNAL COMBUSTION CYCLE PERFORMANCE - 
Inert working fluids can be used with the external com- 
bustion power cycles. The work output of the processes 
in the modified Otto and cryogenic Rankine cycles using 
liquid N 2 are shown in Figs. 13 and 14, respectively. The 
peak temperature for both of these examples is 
T 3 - 1000 K. There is no injection work in the externally 
heated Otto cycle whereas the injection process contrib- 
utes significantly, at low expansion ratio, to the net work 
output of the cyro genic Rankine cycle (ordinate is on left 
vertical axis). The expansion and exhaust works are 
identical for both cycles since the expansion process 
starts and ends at the same peak and exhaust pressures, 


respectively. The pressure building effect of constant vol- 
ume heat addition reduces the cryopump work in the 
modified Otto cycle to about one third that of the Rankine 
cycle. Over the range of expansion volume shown, the 
net work of the Rankine cycle exceeds that of the exter- 
nally heated modified Otto cycle. Due to the increase in 
cryopump work required for pressurization and the effect 
of finite clearance volume (V c / r - 0.02), however, the net 
work of the cryogenic Rankine cycle has a maximum at 
V^V 3 ~ 16 for this set of operating conditions. Even 
though the constant volume heat addition process signifi- 
cantly reduces the cryopump work in the modified Otto 
cycle, the higher specific work output of the Rankine 
cycle indicates that its expander would be more compact. 


Modified Olto 
Internal Combustion 



Fig. 12 Specific air consumption of modified Otto cycle 
with internal combustion using liquid air. 

A key advantage of external combustion systems is that 
many different fuels can be used. Liquid methane (or liq- 
uid natural gas) is considered here because it is the 
cleanest burning of hydrocarbon fuels and the logistical 
difficulties of its storage may be minimized by the pres- 
ence of other cryogen handling equipment. The specific 
fuel consumption of the two externally heated power 
cycles is shown in Figs. 15 and 16 for liquid methane 
fuel. The cryogenic Rankine cycle (Fig. 16) is more fuel 
efficient at expansion ratios less than 16 for any amount 
of heat addition, however, the external combustion Otto 
cycle has lower specific fuel consumption at higher 
expansion. This is due to the large amount of cryopump 
work required for high pressure (high expansion ratio) 
operation and the reduction of injection work due to finite 
clearance volume. Thus the expansion ratio of the 
expander technology to be employed may dictate which 
power cycle is best suited for a given application. 


A 
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Modified Olio 

" Av External Combustion 



Fig. 13 Specific work of modified Otto cycle with 
external combustion using liquid N 2 . 



Fig. 14 Specific work of cryogenic Rankine cycle with 
external combustion using liquid N 2 . 


The specific cryogen consumption (kg-cryogen per unit 
of net work) of the external heat addition power cycles at 
peak cycle temperatures of 500 K and 1000 K as a func- 
tion of expansion ratio are shown in Fig. 17. The liquid 
N 2 consumption for both cycles is reduced by a factor of 
two over most of the expansion ratio range shown here 
by doubling the peak cycle temperature from 500 K to 
1000 K. Increasing the peak temperature to 2000 K does 
reduce the cryogen consumption even further, however, it 
is not practical to fabricate an automotive firebox that can 
operate at this high of temperature. The liquid N 2 con- 
sumption for the externally heated Otto cycle monotoni- 
cally decreases with increasing expansion ratio. 
Whereas the cryogenic Rankine cycle curves have a min- 


Modified Otto 



Fig. 15 Specific fuel consumption of modified Otto cycle 
with external combustion using liquid N 2 - 


Cryogenic Rankine 



Fig. 16 Specific fuel consumption of cryogenic Rankine 
cycle with external combustion using liquid N 2 . 

imum near VJV 3 ~ 16 due to increasing cryopump work 
as previously described. 

RANGE AND OPERATING COST - The fuel and cryo- 
gen consumption rates for a representative vehicle are 
determined for realistic operating conditions of the four 
power cycles under consideration while assuming a 
mechanical efficiency of 80% for torque transmission to 
the wheels. The miles per gallon (mpg) estimates are 
based on a vehicle which has the same road power 
demand during freeway cruise (7.8 kW) as the 1991 
Honda CRX. 15 The standard Otto cycle is assumed to 
have a compression ratio of 8 and peak cycle tempera- 
ture of 2000 K. The modified Otto cycle engine with 
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internal combustion has the same peak temperature 
(T 3 = 2000K) and an expansion ratio of 20. Both of 
these power plants are assumed to burn octane-air mix- 
tures inside the cylinder as previously described. . Mile- 
ages for the external combustion systems have been 
determined using liquid N 2 as the working fluid and either 
liquid CH 4 or octane as the fuel. The peak temperature 
in the external combustion systems is limited to 1000 K 
and their expanders have an expansion ratio of 20. The 
cryogenic Rankine cycle performance in the absence of 
combustion heat addition is also determined for the ZEV 
mode, using the same mechanical efficiencies as before, 
at a peak cycle temperature of T 3 = 285 K and a peak 
injection pressure of P 3 = 5.4 Mpa. 
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Fig. 17 Specific cryogen consumption of the external 
combustion cycles using liquid N 2 . 


The fuel and cryogen mileage of the powerplants, based 
on the aforementioned assumptions, are compared in 
Table 2. Operating costs are based on $1.20 per gallon 
octane, $0.60 per gallon liquid CH 4 , and $0.15 per gallon 
for the liquid air and liquid N 2 . Routine maintenance 
expenses are not included. The model for the standard 
Otto cycle predicts a lower fuel consumption rate than is 
typically realized by the reference sedan (Honda CRX) 
chosen for this study; however, if temperature effects on 
the heat capacity ratio of the combustion products and 
more detailed accounting of mechanical and combustion 
inefficiencies were included, the fuel mileage would be 
more comparable with what is currently achieved in prac- 
tice. For the purposes of this study it is sufficient to com- 
pare the performance of alternative power cycles to that 
of the standard Otto to illustrate the potential of uncon- 
ventional cryogen-fuel hybrid power cycles for automotive 
transportation. 


Table 2. Mileage of hybrid propulsion systems 


Cycle 

Fuel 

Cryogen 

Fuel 

mpg 

Cryogen 

mpg 

Net Cost 
$ per mi 

Standard 

Otto 

£-8^18 

N/A 

54 

N/A 

0.022 

Internal 

Otto 

CbFIi8 

Liq Air 

83 

4.0 

0.052 

External 

Otto 

ch 4 

Liq N 2 

63 

1.8 

0.093 

Cryogenic 

Rankine 

0 

1 

-Ck 

Liq N 2 

62 

2.5 

0.070 

External 

Otto 

c 8 h 18 

Liq N 2 

93 

1.8 

0.096 

Cryogenic 

Rankine 

C 8 Hi 8 

Liq N 2 

92 

2.5 

0.073 

Cryogenic 

Rankine 

Ambient 

Heat 

Liq N 2 

N/A 

0.78 

0.192 


The improved fuel mileage of the internal combustion 
engine using cryo-pumped liquid air does not offset the 
corresponding operating expense, as indicated in the net 
operating costs per mile of Table 2. The application of 
combustion heat release to ambient-heated liquid N 2 , 
however, significantly increases its effectiveness as a 
working fluid. The mileage for the liquid N 2 is double and 
triple its value for the ZEV mode of operation by exter- 
nally adding the heating value of hydrocarbon fuel in the 
modified Otto and Rankine cycles, respectively. The 
methane-fuel mileage on a per gallon basis for the exter- 
nal heating power cycles is comparable to that of the 
standard Otto cycle, whereas, it is nearly 70% better 
when the superheater is fueled with octane. The net 
operating costs per mile of the external combustion sys- 
tems using liquid CH 4 or octane do not differ much 
because the expense of the cryogen is the primary cost 
factor. The operating costs can be reduced by using a 
higher peak temperature in the firebox to better utilize the 
cryogen working fluid. For the same reason the ZEV 
mode of operation has the highest operating cost of all, 
however, its liquid N 2 consumption rate can drop by more 
than a factor of two if multiple reheats and expansions 
are used 16 or if the expander is capable of quasi-isother- 
mal operation in conjunction with the application of a top- 
ping cycle. 9 

DISCUSSION 

The dual-fuel cryogen power cycles considered in this 
study were not optimized to realize their highest potential. 
The mechanical efficiency of the components were rigor- 
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ously kept the same to provide a first order comparison of 
the relative merits of the different hybrid propulsion sys- 
tems. The combustion efficiency was conservatively esti- 
mated and the enhancement of fuel economy due to 
waste heat recovery was not included. In addition, nei- 
ther the differences in propulsion system complexity nor 
the impact of potential purchase price for mass produced 
vehicles were considered. Furthermore, the challenge of 
establishing a cryogen distribution infrastructure needs to 
be weighed against the problems associated with intro- 
ducing any new technology for automotive transportation. 
Even though there are many issues yet to be addressed, 
several general conclusions can be drawn from this 
study. 

Based on the current price of regular grade gasoline in 
the U.S.A., the results presented in Table 2 indicate that 
the standard Otto cycle engine has the lowest operating 
costs. The low peak cycle temperature of the external 
combustion systems, however, result in lower nitrogen 
oxide emissions and better longevity of the machinery. 
Burning methane fuel internally or externally significantly 
reduces the wear and tear on piston ring seals in the 
expander and the oil contamination in the crankcase. 
The potential of making liquid CH 4 (liquid natural gas) 
readily available for this hybrid vehicle is encouraged by 
the presence of the cryogen handling equipment. The 
ability to switch off the fuel flow and operate as a ZEV 
having better performance than electric vehicles using 
lead-acid batteries for energy storage is another key 
advantage. It probably would be more appropriate to 
compare the performance parameters of these cryogen- 
fuel hybrid systems with other hybrid vehicle concepts 
being developed, rather than with the conventional inter- 
nal combustion engine. 

The dual-fuel hybrid systems all have better fuel econ- 
omy than the standard Otto engine, however, the price of 
cryogen manufacture and delivery is the primary factor 
driving up the cost of their operation. The cryogen price 
of $0.15 per gallon is nearly twice the energy cost of its 
manufacture (based on $0.05 per kW-h) using currently 
available liquefaction technology. More favorable off- 
peak electrical power rates and advances in air manufac- 
ture processes would reduce the cost of liquid air prod- 
ucts. If there is a need to operate in urban areas having 
significant restrictions on tail pipe pollutants, then the 
ultra-low emission capability of the dual-fuel hybrid pro- 
pulsion systems may outweigh the indicated increase in 
fuel-cryogen operating expense. In addition, the reduc- 
tion in maintenance needs for cleaner burning combus- 
tion systems may completely offset the higher fuel 
operating costs over the useful lifetime of the vehicles. 

SUMMARY 

A theoretical performance model for reciprocating 
engines has been applied to the standard Otto cycle and 
three other power cycles involving the use of fuel and 
cryogens. Performance trends have been illuminated 
which indicate the effect of many operating parameters 
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on the net work output of the cycles. Fuel and cyrogen 
consumption rates have been determined and the poten- 
tial mileage and operating costs of a hybrid vehicle have 
been estimated. Operating costs of ~$0.05 per mile have 
been estimated for vehicles having fuel (gasoline) and 
cryogen (liquid air) consumption rates of 80-90 mpg and 
-4 mpg, respectively. This fuel mileage is -50% higher 
than the theoretical performance of the standard Otto 
cycle. 

The hybrid propulsion systems discussed here are based 
on readily available technologies which can probably be 
integrated into a mass produced automobile in a rela- 
tively short time frame. Their performance potential is 
comparable to modern automobiles and the refueling 
process would be similar to current practice. The biggest 
obstacle to the ultimate implementation of these cryogen 
propulsion systems is the development of a cryogen dis- 
tribution infrastructure similar to that of current gasoline 
stations. The low technological risk in developing these 
cryogenic propulsion systems and potential environmen- 
tal benefits of their widespread use encourage further 
studies along this line of research. 
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